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ABSTRACT 
Proteins that bind to specific sequences in replication origins have 
been shown to be important components of both prokaryotic and 
eukaryotic DNA replication systems. An origin of DNA replication is 
located within the 5' non-transcribed spacer region of the rRNA genes 
(rDNA) of Tetrahymena thermophila. Previous work has shown that 
several cis-acting mutations responsible for rDNA replication defects 
lie in upstream repeats of a transcriptional promoter element, the Type 
I repeat. 
Using FE(II)EDTA cleavage footprinting and gel-mobility shift 
assays, I identified and characterized two distinct DNA-binding 
activities that interact with the Type I repeat. One of these activities, 
designated ds-TIBF, binds preferentially to duplex DNA whereas the 
other, ssA-TIBF, binds preferentially to single-stranded DNA. 
Competition studies revealed that although ds-TIBF binds with high 
affinity to Type I sequences, it has only moderate sequence specificity 
and binds with high affinity to other duplex oligonucleotides containing 
dA/T stretches of greater than 6 nucleotides. In contrast, ssA-TlBF 
does not bind to generally A-rich oligonucleotides, but specifically 
interacts with single-stranded oligonucleotides corresponding to the 
Type I repeat. 
UV crosslinking of the partially purified protein to A-rich strand 
oligonucleotides followed by SDS gel electrophoresis demonstrated the 
binding activity of ssA-TIBF is associated with a polypeptide of 
i X 
approximately 95 kD. The native size of the binding activity determined 
by gel filtration chromatography is 205 kD, suggesting that ssA-TIBF 
may exist as a dimer or that the 95 kD polypeptide associates with 
another protein(s) in the cell. 
The nucleotide sequence requirements for optimal binding of ssA-
TIBF were characterized. A deletion that removes part of one copy of 
the ssA-TIBF recognition sequence in the replication origin region has 
been shown to cause an rDNA replication defect in vivo. The affinity of 
ssA-TIBF for oligonucleotides reflecting this deletion is reduced by 
approximately 50% in vitro. Another copy of the Type I repeat, located 
only 20 nucleotides upstream from the transcription start site, is an 
essential component of the rRNA gene promoter. This element, although 
slightly different in sequence, is bound by ssA-TIBF with an affinity 
approximately equal to that of the Type I element in the replication 
origin region. These findings suggest that ssA-TIBF could be a 
transcription factor that also plays a role in rDNA replication. 
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GENERAL INTRODUCTION 
One of the ultimate goals in biology is to understand the molecular 
components necessary to ensure that the genome is completely and 
accurately reproduced once and only once during the cell cycle. 
Although much is known about how prokaryotic organisms replicate 
their genome, the molecular mechanisms that regulate eukaryotic DNA 
replication are not yet clear. 
Several of the individual components required for eukaryotic DNA 
replication have been purified and studied using in vitro systems. In 
particular, when this method was used with cellular extracts from 
Simian Virus 40 infected monkey cell lines, several of the essential 
cellular factors required for SV40 DNA synthesis were identified (93, 
108). The only virally encoded factor required for SV40 DNA replication 
is the initiation factor large tumor antigen (T antigen)(69, 94, 106). T 
antigen binds to the SV40 replication origin (96) and unwinds the DNA 
(92) in preparation for the DNA replication machinery. Individual 
replication factors purified from whole cell extracts were 
reconstituted in vitro and tested for their ability to replicate plasmids 
containing the SV40 origin of replication when supplemented with T 
antigen. Seven cellular factors were determined to be essential for 
replication using this system (93, 108). These factors include the DNA 
polymerase a-primase complex, DNA polymerase 5, Proliferating Cell 
Nuclear Antigen (PCNA), replication factor C (RF-C), replication protein 
A (RF-A) and DNA topoisomerases. 
2  
DNA replication proceeds only in the 5' to 3' direction. DNA 
synthesis on newly unwound SV40 DNA templates is continuous on one 
strand, the leading strand, and discontinuous on the other, the lagging 
strand, creating small RNA primed Okazaki fragments. The DNA 
polymerase a-primase complex synthesizes an RNA primer and initiates 
SV40 DNA synthesis from this primer (90). It is thought to be 
responsible for lagging-strand synthesis, since the primase, tightly 
associated with the polymerase, is readily available for multiple 
initiation events. DNA polymerase 5 is capable of processive DNA 
synthesis in the presence of PCNA (82). The processivity of DNA 
polymerase Ô makes this polymerase most likely to be responsible for 
SV40 leading strand DNA synthesis. RF-C recognizes primed DNA and is 
required for leading strand synthesis in a reconstituted system (98, 
104), therefore RF-C is probably involved in facilitating polymerase 5 
template binding. RP-A, also known as RF-A or human single-stranded 
DNA binding protein (hSSB), binds preferentially to single-stranded DNA 
and facilitates T antigen dependent DNA unwinding (36, 107, 109). E. 
coli single-stranded binding proteins (SSBs) can substitute for RP-A in 
template unwinding reactions, but cannot do so in the complete SV40 
replication reaction, suggesting RP-A has an additional role in DNA 
replication probably involving protein-protein interactions. Finally, 
topoisomerases relieve the torsional stress caused by the unwinding of 
DNA, and are essential for the dissociation of the replicated daughter 
circular plasmids (112). 
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Homologs for DNA polymerases a and 5, PCNA, and RP-A are 
essential for yeast growth, suggesting a requirement for these proteins 
for chromosomal DNA replication in vivo (reviewed in 16). Another DNA 
polymerase, DNA polymerase e, is also an essential gene in yeast (76). 
Polymerase e is highly processive and therefore may also be involved in 
leading strand synthesis. However, a human homolog to polymerase e is 
active in DNA repair, suggesting another function for this enzyme (78). 
Homologs of many of these replication factors have also been identified 
in other higher eukaryotes (reviewed in 90), suggesting that some of 
the essential components of DNA replication have been conserved 
throughout evolution. 
Thus, the SV40 in vitro system of DNA replication has aided in our 
understanding of the functional roles of some of the components of the 
DNA replication machinery once replication has begun. However, since 
SV40 replication relies on the virally encoded initiation factor T 
antigen, the actual events initiating eukaryotic DNA replication have 
not been resolved. 
One problem contributing to the difficulty of understanding DNA 
replication initiation is the lack of genetically-defined DNA sequence 
elements known to be required for chromosomal replication in 
eukaryotes. Only in yeast (16, 37), Drosophila (17) and Tetrahymena 
(67, 111) have specific sequence elements been implicated in the 
control of chromosomal DNA replication. In yeast, autonomously 
replicating sequences (ARS) were originally identified on the basis of 
their ability to stably maintain plasmids in transformed cells, and have 
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since been extensively characterized (reviewed in 16, 37). The minimal 
ARS element consists of an 11 bp AT-rich ARS core consensus sequence 
(ACS) flanked by an AT-rich region that contains several functional 
elements, including transcription factor binding sites. More recently, a 
subset of identified ARS elements have been shown to function in their 
normal chromosomal locations as replication origins (11, 31, 34, 38, 
44, 55, 71, 102, 119). Mutations in ARS core consensus sequences of 
two chromosomal origins inhibited origin function (31, 83) 
DNA-binding proteins that interact with the ARS and may be 
involved in the initiation of DNA replication have been identified. The 
ACS and portions of sequences 3' to the T-rich strand of the ACS are 
protected in both in vitro and in vivo DNase I footprinting experiments 
(5, 32). The in vitro footprint was created by a purified Origin 
Recognition Complex (ORC) consisting of 6 polypeptides (5). ORC 
specifically interacts with the ACS sequence and is sensitive to 
mutations which reduce the ability of plasmids to replicate 
autonomously. Another sequence-specific ACS-binding protein (ACSB) 
has been independently isolated in three different laboratories (54, 65, 
86). ACSB specifically recognizes the T-rich single-stranded form of 
the ACS. The affinity of ACSB for mutant ACS also corresponds to the 
ability of these sequences to promote plasmid replication. Whether 
ACSB functions independently of ORC or coordinately is not known. 
In contrast to yeast, several other eukaryotes appear to initiate 
chromosomal DNA replication in broad regions rather than at specific 
sites. For example, zones of DNA replication initiation found in 
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mammals (41, 99, 100), Drosophila (51, 87), and S. pombe (118) span 
regions from 450 bp to 20 Kbp. It is possible that in these organisms 
the sites of replication initiation are not determined by specific 
sequences, but by a combination of several structural features on the 
chromosomes. Several of these features, such as easily unwound 
regions, binding sites for transcription factors, and pyrimidine tracts 
have been found to occur in several examples of DNA replication 
initiation zones (7, 41). 
We have chosen the rRNA genes of the ciliate Tetrahymena 
thermophila as a model system for studying DNA replication because it 
offers two unique features. First, an origin of DNA replication has been 
mapped by electron microscopy to the 5' nontranscribed spacer (NTS) 
region of the rRNA genes (rDNA) (19). Second, Tetrahymena rDNA is 
uniquely amenable to genetic analysis being the only known eukaryote 
with a single germline copy of the rRNA genes in the micronucleus 
(reviewed in 113). This has allowed mutants in rDNA amplification and 
replicative maintenance to be isolated and the cis-acting sequences 
involved to be identified (67, 111). Therefore, Tetrahymena provides a 
genetically-defined eukaryotic DNA sequence element implicated in the 
control of DNA replication. 
In vegetatively growing Tefra/^yemena, the rDNA is stably 
maintained as an amplified (-lO^ copies), 21 kb palindrome in the 
mature somatic macronucleus (113). The rDNA replicates from an 
origin 650 +/- 300 bp from the center of the palindromic rDNA 
molecule within the 5' nontranscribed spacer (5' NTS) (19). A plasmid 
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containing a 1.9 kb fragment consisting of the 5' NTS is able to stably 
transform the Tetrahymena macronucleus (115). Molecules with 
multiple copies of the 5' NTS have a replicative advantage over those 
with fewer copies (116). The origin overlaps with a nuclease 
hypersensitive region designated Domain 1 and may include an 
imperfect repeat of this region, Domain 2 ( see paper 1, Fig. 1) (18, 80). 
Also within the 5' NTS are several conserved repeated elements, 
referred to as Type I, II, and III repeats (20). The Type I repeat located 
20 nucleotides upstream of the transcriptional start site is an 
essential element of the transcriptional promoter in vitro (75). The 
three Type I repeats upstream of the promoter element are not 
essential for transcription in vitro. The role of the Type II repeats, is 
not yet known, although they form complexes with Tetrahymena 
cellular protein(s) in in vitro binding experiments (Ron Pearlman, 
personal communication). Finally, the Type III repeats are 
topoisomerase 1 binding and cleavage sites (10). 
Specific sequence elements involved in the replication of the rDNA 
have been identified by isolating mutants with rDNA replication 
defects. Natural rDNA variants, C3 and B, that differ in replication 
ability were utilized. The vegetative progeny of cells crossed to 
produce heterozygotes containing both C3 and B rDNA, gradually lose 
their B rDNA (81). Only a 10% difference in replication rates of the two 
alleles is sufficient to explain the observed loss of B rDNA. C3-rmm 
(replication maturation and maintenance) mutants which reverse the 
replication preference were isolated (67). Genetic and molecular 
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analysis revealed that three independently isolated mutations differed 
from the wild type sequence by a single base pair deletion within two 
of the upstream Type I repeats (see Paper 1, Fig. 1). Comparison of C3 
and B rDNA also showed that C3 and B rDNA differed in a way that 
affected the Type I repeat. A 42 base pair deletion caused the Type III 
and Type I repeats in domain 2 to overlap (see Paper 1, Fig. 1). Thus, the 
Type I repeat is a genetically-defined DNA sequence element implicated 
in the regulation of rDNA replication. 
I have identified several protein factors which interact with the 
Type I repeat. I show that one of these factors, ds-TIBF, recognizes the 
AT-rich central region of the duplex repeat. The interactions between 
ds-TIBF and the Type I repeat may be facilitated by an RNA component. I 
have also characterized two factors that interact with the single-
stranded forms of the Type I repeat. One of these, ssT-TIBF, forms 
nonspecific interactions with the T-rich single-strand of the Type I 
repeat. The other, ssA-TIBF, specifically recognizes the A-rich single-
strand of the Type I repeat. ssA-TIBF specifically recognizes The Type I 
repeat and sequences flanking the conserved Type I repeat. These 
flanking sequences are deleted in B rDNA. The affinity of ssA-TIBF for 
B and C3 Type I sequences in vitro mimic the replication hierarchy that 
exists in vivo, suggesting that ssA-TIBF could mediate the differential 
replication of the two rDNA alleles in vivo. Finally, ssA-TIBF exhibits 
an equal binding affinity for the Type I repeat that is an essential 
element of the promoter in vitro (75) and for upstream copies of the 
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Type I repeat. This suggests that ssA-TIBF may be a transcription 
factor involved in the regulation of rDNA replication. 
An explanation of the dissertation organization 
The work described in this dissertation has focused on 
characterizing three DNA-binding factors that interact with a 
genetically-defined replication control element, the Type I repeat. The 
dissertation has been divided into two papers and an appendix in 
accordance with the rules for the alternative thesis format as outlined 
in the Iowa State University Graduate College Thesis Manual (1992). 
The first paper describes the initial characterization of the 
specificity with which several factors interact with the Type I repeat. 
This multiple author paper has been submitted for publication to 
Molecular and Cellular Biology. The entirety of the first paper was done 
by the doctoral candidate, except for the experiment depicted in Figure 
2. The paper was written jointly by the doctoral candidate and the 
principal investigator, Drena Larson. 
The second paper describes the purification of one of these 
factors, ssA-TIBF, further characterizes the sequences bound by ssA-
TIBF, and defines the potential role of ssA-TIBF in rDNA replication. 
This paper will also be submitted to Molecular and Cellular Biology. The 
research in the second paper was completed entirely by the doctoral 
candidate. The paper was written by the doctoral candidate with 
editorial contributions from Drena Larson and Robert Benbow. 
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The appendix describes preliminary work suggesting that another 
of the factors, ds-TIBF, may contain an RNA component. The research 
within the appendix was done entirely by the doctoral candidate. The 
section was written by the doctoral candidate with editorial 
contributions from Drena Larson. 
Preceding the papers I have written a general introduction. 
Following the papers are a general summary of conclusions, including 
suggests for future direction, and the references cited in the general 
introduction, general conclusions and appendix. The appendix follows 
the list of references cited. 
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PAPER 1. A SINGLE-STRANDED DNA-BINDING PROTEIN BINDS 
SPECIFICALLY TO A REPLICATION CONTROL ELEMENT IN THE 
ORIGIN REGION OF TETRAHYMENA THERMOPHILA rDNA 
1 1  
A Single-Stranded DMA-Binding Protein Binds Specifically to 
Replication Control Element 
in the Origin Region of Tetrahymena thermophila rDNA 
Angela R. Umthun, Wen-Ling Shaiu, Zita A. Sibenallert, Drena D. Larson* 
Department of Zoology and Genetics 
Signal Transduction Training Group 
Molecular, Cellular and Developmental Biology Program 
Interdepartmental Genetics Program 
Room 2114 Molecular Biology Building 
Iowa State University, Ames, lA 50011 
Corresponding author. 
Phone: (515)294-1112 
FAX:  (515)294-2876 
Email: ddlarson(S)molebio. iastate.edu 
t Present address; Molecular Biology Program, College of Medicine, 
University of Iowa, Iowa City, lA 52242 
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ABSTRACT 
Mutations in AT-rich conserved Type I repeat sequences located 
in the replication origin region of the rRNA genes (rDNA) in 
Tetrahymena thermophila affect the ability of rDNA molecules to 
replicate in macronuclei (35). Fe(ll) EDTA cleavage footprinting of 
restriction fragments containing a Type I repeat showed that most of 
the 33 conserved nucleotides were protected by proteins in a S100 
supernatant of a Tetrahymena whole cell extract. Gel mobility shift 
assays were used to characterize DNA-binding proteins interacting 
with the Type I repeat sequence. Multiple proteins that bound to the 
Type I repeat were identified using a double-stranded synthetic 33-bp 
oligonucleotide substrate. One of these, designated ds-TIBF, bound 
preferentially to duplex DNA with high affinity, but with only moderate 
specificity for Type I sequences. Using the T-rich strand of the Type I 
repeat as a substrate, a protein(s) that bound nonspecifically to T-rich 
single-stranded DNA was identified. In contrast, a single-stranded 
DNA-binding protein(s) that bound the A-rich strand of the Type I 
repeat, designated ssA-TIBF, specifically recognized single-stranded 
oligonucleotides containing the Type I repeat sequence. Deletion of the 
5' or 3' borders of the conserved sequence greatly reduced the binding 
of the ssA-TIBF. The binding properties of ssA-TIBF in vitro, coupled 
with the observation that mutations in the Type I sequence affect the 
ability of mutant rDNA molecules to replicate in vivo, suggest a 
possible physiological role for ssA-TIBF in rDNA replication in 
Tetrahymena. 
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INTRODUCTION 
Chromosomal origins of DNA replication in eukaryotes have been 
extraordinarily difficult to isolate and define (reviewed in reference 
4). Despite tremendous effort, however, specific cis-acting DNA 
sequences required for origin activation been identified only in the 
yeast, S. cerevisiae (reviewed in references 9, 18). Yeast autonomously 
replicating sequences (ARSs) were originally isolated on the basis of 
their ability to promote extrachromosomal replication of plasmids in 
yeast. Mutational analyses have shown that the DNA sequences 
essential for ARS activity on plasmids include an 11 bp ARS core 
consensus sequence (ACS) and an AT-rich flanking region that contains 
several functional elements, including binding sites for transcription 
factors (39, 64) and DNA unwinding elements (DUEs)(60). In two 
different chromosomal origins, specific mutations within the ARS core 
consensus sequence were shown to abolish origin function (15, 45). The 
ACS element in yeast is the only genetically-defined DNA sequence 
element known to be required for chromosomal DNA replication in 
eukaryotes. 
Several DNA binding proteins that recognize the ACS or other 
functional elements in ARS sequences have been identified. Three 
laboratories characterized a single-stranded DNA binding protein that 
binds preferentially to the T-rich strand of the ACS (29, 33, 34, 49). In 
addition, a multiprotein complex that interacts with the ACS in double-
stranded DNA was purified (3). This origin recognition complex 
generates nuclease protection patterns over the ACS in vitro that are 
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very similar to those observed in vivo in high resolution genomic 
footprinting experiments (16). 
Specific cis-acting sequences that regulate rDNA replication in 
Tetrahymena thermophila were identified (35, 69). The rDNA in 
Tetrahymena is present as a single chromosomal copy in the germline 
micronucleus and as highly amplified 21 kb linear palindromic replicons 
in the somatic macronucleus. rDNA amplification (to -104 copies) 
occurs during macronuclear development in mating cells; after 
amplification, the rDNA is stably maintained at this high copy number 
during vegetative division of cells (reviewed in reference 70). The 
amplified rDNA replicates from a bidirectional origin within the 5' 
nontranscribed spacer region (5'NTS) upstream from the rRNA 
transcription initiation site (Fig. 1) (11). A 1.9 kb DNA fragment 
encompassing the 5'NTS promotes autonomous replication of circular 
plasmids and short linear chromosomes in the Tetrahymena 
macronucleus (71). Molecules containing multiple copies of the origin 
region had a replication advantage over those with fewer copies (72). 
The 5'NTS contains three families of evolutionarily conserved 
repeated sequences referred to as Type I, Type II and Type III repeats 
(12, 37) and three nuclease hypersensitive regions (42) (Fig. 1). Genetic 
and molecular studies of Tetrahymena rDNA alleles with differential 
replication properties identified the Type I repeat as a cis-acting 
replication control element (43). The rDNA allele of inbred strain C3 
had a replication advantage over that of inbred strain B when both 
alleles reside in the same macronucleus. Several rmm (rDNA maturation 
Fig. 1. Structure of the 21 kb macronuclear rRNA genes in 7. thermophila. 
(A) A schematic diagram of the 21 kb palindromic rDNA. Arrows indicate rRNA transcription 
units and hatched lines represent telomeric sequences. The 5' and 3' non-transcribed spacer 
regions {5'NTS and 3'NTS) are indicated. 
(B) An enlarged diagram of the 5'NTS. Broad vertical arrows indicate DNAase hypersensitive 
domains (42). Putative replication origin(s) are shown (10, 11, 42). Domains 1 and 2 refer to 
DNase hypersensitive domains that correspond to an -400 bp imperfect duplication. 
(C) A schematic diagram of repeated sequence elements in the 5'NTS of C3 rDNA. Conserved 
sequence elements designated Type I, II and III repeats are indicated (12). Asterisks denote Type 
I elements known to be altered in mutants defective in rDNA replication (35, 51, 69). 
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and maintenance) mutations that abolish the replication advantage of 
C3 rDNA were isolated and characterized (35, 51, 69). The replication 
defects in strain B and in three independently isolated C3-rmm mutants 
result from sequence changes that alter copies of the Type I repeat 
within the 5'NTS. It was proposed that competition for limiting trans­
acting factors that bind to the Type I repeats could explain the 
differential replication properties of rDNA alleles, and that Type I 
repeats could be involved in the initiation of rDNA synthesis (35). 
We report here the characterization and partial purification of 
three distinct DNA-binding proteins from Tetrahymena that recognize 
the Type I repeat. One of these binds with high affinity but only 
moderate specificity to the duplex form of the repeat. The others bind 
to single-stranded DNA, one non-specifically to T-rich DNA and the 
other specifically to the A-rich strand of the Type I sequence. The 
interaction of these proteins with the Type I repeat, an rDNA 
replication control sequence, suggests that one or all may play a role in 
the regulation of rDNA replication in vivo. 
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MATERIALS AND METHODS 
Cell growth and S100 extract preparation 
8100 extracts from Tetrahymena were prepared essentially as 
described by Greider and Blackburn (26). T. thermophila strain C3V 
cells were grown at 30°C in 2% PPYS (2% proteose peptone, 0.2% yeast 
extract, 0.003% sequestrine) to a density of 2.5 x 10^ cells/ml. Cells 
were collected by centrifugation at 2600 x g for 7 min, washed twice 
in lOnnM Tris-HCI, pH 7.5, and resuspended in HMG (20 mM HEPES, pH 
7.9, 1 mM MgCl2, 10% v/v glycerol) in 5X the pellet volume. Cells were 
lysed by the addition of 0.2% NP40 in HMG for 30 min on ice, while 
stirring. The whole cell extract was centrifuged at 100,000 x g for 60 
min in a Beckman TLA100.3 fixed angle rotor. Aliquots of the 
supernatant (8100) were frozen immediately in liquid nitrogen, and 
stored at -80°C. 
Hydroxy! radical footprinting 
Substrates for hydroxyl radical footprinting were derived from 
plasmid pUC3-XN, which contains a 770 bp Xba\ to Nsi\ restriction 
fragment from the rDNA of strain C3V cloned into pUC118. This rDNA 
fragment contains the region designated Domain 2 in Fig. 1. For analysis 
of the A-rich strand of the Type I repeat, Xba\ digested pUC3-XN DNA 
was 5' end-labeled using T4 polynucleotide kinase and [y-^zpjdATP, and 
subsequently digested with Oral. For analysis of the T-rich strand of 
the Type I repeat, pUC3-XN DNA was linearized at the Kpn\ site in the 
polylinker (adjacent to the Xba\ site), 3' end-labeled using terminal 
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deoxytransferase and [32p]ddATP, and subsequently digested with Oral. 
Labeling and gel purification of DNA fragments were carried out 
according to standard procedures (47). 
The Fe(ll) EDTA cleavage reactions were performed according to 
the method of Tullius and Dombroski (59). Binding reactions (70 |il) were 
performed as described for gel mobility shift assays (see below) and 
incubated 10 min on ice. 10 |il Fe(ll)EDTA (equal volumes of 0.2mM 
Fe(ll){(NH4)2(S04)2-6H20} and 0.4 mM EDTA mixed just before use) was 
added to the binding reaction with 10 ^1 0.3% H2O2 and 10 )LII 10mM 
sodium ascorbate. The reaction was incubated at room temperature for 5 
min and stopped by addition of 10 ^1 of 0.1 M thiourea, 32 )il of 0.2 M 
EDTA, and 10 |ig of tRNA. After ethanol precipitation, the cleavage 
products were separated on a 10% sequencing gel. 
Gel mobility shift assays 
Most substrates for gel mobility shift assays were 
oligonucleotides synthesized by the Nucleic Acid Facility, Iowa State 
University. The T. thermophila Type II oligonucleotides were a gift 
from R. Pearlman, York University. Single-stranded oligonucleotides 
were 5' end-labeled using T4 polynucleotide kinase and purified using 
Select D spin columns (5' Prime-3' Prime, Boulder, CO). To form duplex 
oligonucleotides, equal molar amounts of labeled complementary 
strands were mixed in 100 mM NaCI, heated to 70°C for 10 min and 
allowed to cool to room temperature. 
Gel mobility shift assays were performed essentially as 
described (20, 24). In standard reactions, 1 ng of 32p.labeled 
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oligonucleotide and 1 jig poly(dl-dC) were incubated in the presence of 
5 III S100 extract (17.5 jig protein) or partially purified fractions for 
15 min on ice. The final reaction mixture contained 17 mM HEPES, pH 
7.9, 1 mM EDTA, 200 mM NaCI, 8.7% glycerol, 1 mM DTT, 0.087 mM PMSF 
in a total of 15 }il. For competition assays, 1 jxl of the appropriate 
concentration of unlabeled oligonucleotide in STE (10 mM Tris-HCI, pH 
7.5, 100 mM NaCI, 1 mM EDTA), was added to the sample prior to the 
addition of extract. Samples were subjected to electrophoresis in 5% or 
10% polyacrylamide gels in 0.6X Tris-borate-EDTA (47) at 200V 
(<50amps) for 60 min. After electrophoresis, gels were dried and 
exposed to Kodak XAR-5 film or phosphorlmager screens. Radioactivity 
in individual bands was quantitated using a Molecular Dynamics 
Phosphorlmager. 
Column chromatography 
For separation and partial purification and of Type I binding 
factors, 0.4 ml of T. thermophila SI 00 extract (4.8 jig/ml protein) was 
applied to a phosphocellulose column (P11, Whatman, 1 x 4 cm) 
equilibrated with TEG/0.1 (25 mM Tris-HCI, pH 7.5, 1 mM EDTA, 10% 
glycerol, 0.02% NP40, 1 mM DTT, 0.1 mM PMSF, 0.1 M NaCI). The column 
was washed with 15 ml TEG/0.1 and bound proteins eluted with a step 
gradient of NaCI (0.2M, 0.3M, 0.4M, 0.6M, and 1M) in TEG. The elution 
position of Type I binding proteins was determined using gel mobility 
shift assays. Protein concentrations were determined by the method of 
Bradford (6). 
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Gel filtration chromatograplny was used as an alternative 
procedure to separate Type I binding factors and to estimate their 
apparent native molecular weights. 1 ml of S100 extract (3.5 |ig/ml) 
was applied to a Sephacryl S-300 column (Pharmacia, 1.5 x 88 cm) 
equilibrated with TEG/0.2 (TEG with 0.2 M NaCI). Proteins were eluted 
with 200 ml of the same buffer and 1 ml fractions were collected. Gel 
mobility shift assays were used to determine the elution positions of 
Type I binding proteins. Stokes radii of the binding proteins and 
estimated native molecular weights (assuming globular proteins) were 
determined by comparison with molecular weight calibration standards 
(Boehringer-Mannheim Biochemicals, Inc., Indianapolis, IN). Sizes 
reported were the average of values obtained in two experiments. 
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RESULTS 
Identification of DNA binding proteins that recognize Type I 
repeat sequences. 
Hydroxyl radical footprinting was used to characterize DNA-
protein interactions associated with Type I repeat sequences in the 
replication origin region of T. thermophila rDNA. Restriction fragments 
containing the Type I element from the nuclease hypersensitive region 
designated Domain 2 (Fig. 1) were used as substrates for Fe(ll)EDTA 
cleavage reactions. These experiments revealed a complex pattern of 
protein-DNA complexes in the vicinity of the Type I element (Fig. 2). 
Most nucleotides within the 33 bp conserved Type I element were 
protected from cleavage, including 25 nt on the A-rich strand (upper 
strand in Fig. 2B) and 22 nt on the T-rich strand. Three mutations that 
cause rDNA replication defects in vivo result from the deletion of one 
base pair in the eleven central A-T base pairs of the Type I repeat (35, 
55, 69). Seven of these positions were protected from cleavage on both 
strands, whereas the remaining four positions were protected only in 
the T-rich strand. Other protected regions in sequences flanking the 
Type I element on both sides were observed, as were several positions 
of apparently enhanced cleavage both within the Type I sequence and in 
flanking regions. 
Gel mobility shift assays were used to investigate the sequence 
specificity of the Type I repeat binding factor(s) (TIBFs) detected in 
footprinting experiments. These assays revealed one major shifted band 
when the same rDNA restriction fragment used for footprinting was 
Fig. 2. Footprint analysis of protein-DNA interactions in the 
Type I repeat. 
(A) Fe(ll)EDTA cleavage footprinting of restriction fragments 
containing a Type I repeat. 
Restriction fragments containing a single Type I repeat from C3 rDNA 
were 32p.|abeled on either the A-rich (5'-end-labeled) or T-rich (3'-
end-labeled) strand and incubated with Fe(ll)EDTA in the presence (+) 
or absence (-) of Tetrahymena whole cell extracts as described in 
Materials and Methods. Maxam-Gilbert chemical sequencing reactions 
for each fragment are shown in G+ A lanes. Open boxes on the right 
show the position of the Type I repeat within the fragment. Brackets on 
the left indicate the portion of the DNA sequence shown in Fig. 2B. 
(B) Schematic representation of DNA sequences protected from 
Fe(ll)EDTA cleavage in Tetrahymena whole cell extracts. The DNA 
sequence of the Type I repeat (boxed) and surrounding sequences in 
Domain 2 of C3 rDNA are shown. The top strand is the A-rich strand; the 
bottom strand is the T-rich strand. Cross-hatched boxes denote 
protected nucleotides on each strand. 
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T-rich strand A-rich strand 
B 
EES 
S'CATTAGAA/fr 
bU5Ul ESS 
I I I IGGCÀAAÂAAAAAAACAAAAATAGTAAIACCTTCCGAA3 ' 
3 ' GTAATCTTHAAAAAAACCGTTTI I I I I I I I GTTTTTATCATI TGGAAGGCTT5 ' 
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employed as the binding substrate (data not shown). Since synthetic 
oligonucleotides corresponding to the Type I repeat competed strongly 
for binding to this rDNA segment, Type I repeat-containing 
oligonucleotides were used as substrates in subsequent experiments 
presented here. A 33 bp double-stranded oligonucleotide containing only 
the Type I repeat sequence (the boxed sequence in Fig. 2B) bound a 
factor(s) in an S100 extract to produce a single major shifted band 
(Fig. 3). In this experiment, an 8-fold molar excess of unlabeled Type I 
oligonucleotide prevented formation of the major shifted complex, 
whereas a 40-fold excess of an unrelated sequence did not. These 
results suggest that the Type I repeat is recognized specifically by 
DNA-binding factors in Tetrahymena cellular extracts. 
Electrophoresis on 5% polyacrylamide gels resolved the single 
Type I DNA-protein complex into multiple species (data not shown). 
Since duplex Type I oligonucleotides probes usually contain a low level 
of unhybridized single-stranded oligonucleotides, we investigated 
whether the multiple species could result from single-stranded as well 
as double-stranded DNA-binding proteins. 
Separation of duplex and single-stranded Type I binding 
fac tors  
Single-stranded and double-stranded DNA-binding proteins were 
resolved and partially purified by phosphoscellulose column 
chromatography (Fig. 4). The binding proteins were eluted with a 
mixture of a double-stranded Type I oligonucleotide and the 
Fig. 3. Gel mobility shift assays for proteins that bind to 
Type I repeat DNA. 
Complexes between factors in S100 supernatants of whole cell 
extracts and a Type I repeat oligonucleotide were formed in the 
absence (0) or presence of increasing amounts of unlabeled competitor 
DNA and visualized on a 10% polyacrylamide gel. Binding reactions 
contained 1 ng of 32p.|abeled duplex 33 bp Type I repeat sequence, the 
indicated molar amounts of competitors, 1 p.g poly dl-dC, and 3 ml 
S100 extract (see Materials and Methods). Lanes 2-6, 0, IX, 2X, 4X or 8X 
molar excess of duplex Type I competitor ; lanes 7-11, 0, 5X, 10X, 20X, 
or 40X of the nonspecific duplex competitor (5'-AACCCGATCACCCC-3'). 
Input indicates labeled Type I repeat duplex DNA with no extract added; 
B, bound DNA (protein-DNA complexes): U, unbound input DNA. 
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Fig. 4. Phosphocellulose chromatography of proteins that bind 
to Type I repeat DNA. 
S100 extracts were fractionated by phosphocellulose 
chromatography as described in Materials and Methods. The indicated 
fractions were assayed for ability to form specific nucleoprotein 
complexes with a mixed probe containing duplex Type I repeat and both 
the A-rich and T-rich single-strands of the Type I repeat. Load 
indicates S100 extract prior to fractionation; ss and ds denote 
complexes subsequently determined to contain proteins that bind 
preferentially to single-stranded or duplex DNA. The two large 
complexes present only in the load and wash lanes probably resulted 
from aggregation. 
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unhybridized single-stranded A-rich and T-rich oligonucleotides. Four 
major DNA-protein complexes were identified (Fig. 4). By reassaying 
the column fractions with each oligonucleotide separately, three of 
these were identified as single-stranded Type I DNA binding factors 
(ss-TIBFs) and one was determined to be a double-stranded Type I DNA 
binding Factor (ds-TIBF). 
The ds-TIBF eluted between 0.3 and 0.4 M NaCI (Fractions 31-39). 
The higher molecular weight ss-TIBFs were a mixture of proteins that 
bound the A-rich oligonucleotide (ssA-TIBFs), and the T-rich 
oligonucleotide (ssT-TIBF). The lower molecular weight ss-TIBF bound 
preferentially to the T-rich oligonucleotide (ssT-TIBF). The ssTIBFs 
were subjected to gel-filtration chromatography on Sephacryl S300, 
and the native molecular weights of the binding proteins were 
estimated. The Stokes radius of the ds-TIBF was 38Â, corresponding to 
an apparent molecular weight of 105 kD. The three ssA-TIBFs were 
calculated from the Stokes radii to correspond to molecular weights of 
250kD, 190kD, and 180kD, and the four T-TIBFs were calculated to 
correspond to molecular weights of 250kD, 200kD, 180kD, and 50kD. 
These results were in agreement with the apparent sizes of the protein 
complexes in gel mobility shift assays (e.g., Fig.4). 
Interaction of the duplex Type I binding factor (ds-TIBF) with 
the AT-rich central region of the Type I repeat 
To further characterize the sequence specificity of ds-TIBF, we 
carried out competition experiments using -200-fold purified ds-TIBF 
from the pooled phosphocellulose column fractions. In these 
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experiments, the 32p.|abeled input DNA was the 33 bp double-stranded 
Type I repeat oligonucleotide. Unlabeled competitor DNAs corresponding 
to altered versions of the Type I repeat or unrelated nonspecific 
sequences are shown in Fig. 5A. These included altered Type I repeat 
sequences in which either 1 or 5 A-T base pairs in the central Ai i 
tract were deleted (Ai and As deletions) or two C-G base pairs were 
substituted for two G-C base pairs, unrelated Type II repeat sequences 
derived from the 5'NTS region of the rDNA from either T. thermophila 
(see Fig. 1)or T. pyriformis, and a 33 bp homopolymer, oligo(dA-dT)33. 
Fig. 5B is a representative gel mobility shift assay in which binding of 
ds-TIBF to the Type I repeat substrate was challenged with increasing 
amounts of unlabeled competitor DNAs. 
Alterations of the Type I repeat had little effect on the ability of 
ds-TIBF to bind to the input DNA under standard gel shift assay 
conditions (Fig. 5C). The Ai deletion, which mimics the deletion found 
in three rDNA replication mutants (35, 55, 69) or deletion of 5As had no 
statistically signficant effect. A competitor containing substituted 
nucleotides bordering the central A-rich region also bound ds-TIBF (Fig. 
5C). Some feature of the duplex Type I sequence appeared to be 
important for binding, however, since several random sequence 
oligonucleotides did not compete (Fig. 3 and data not shown). The 
apparent specific interaction of ds-TIBF with Type I repeat sequences 
appeared to be due to an affinity for long tracts of A-T base pairs, 
since competition by oligo(dA-dT)33 ,  was equivalent to that of the Type 
I repeat oligonucleotide (Fig. 5B and C ). Nonspecific competitor DNAs 
Fig. 5. ds-TlBF interacts with the central A-rich region of the duplex Type I 
repea t .  
Gel mobility shift analysis of Type I repeat binding by phosphocellulose-purified ds-TIBF in 
the presence of oligonucleotide competitors was carried out as described in Materials and 
Methods. 
(A) Synthetic oligonucleotides used as competitors against Type I repeat oligonucleotides in 
gel mobility shift assays. Shaded regions correspond to the central An tract from which 1 or 5 
As were deleted. Lower case letters indicate base substitutions. The ability of each 
oligonucleotide to compete for binding to ds-TIBF relative to the unaltered duplex Type I repeat 
at a 50X molar excess is indicated; + denotes competition level >75% and - denotes competition 
level <25% of the value obtained with the unaltered duplex Type I repeat. 
(B) Representative gel mobility shift experiment showing that ds-TIBF binding is resistant 
to competition by single-stranded Type I sequences but sensitive to competitors containing long 
runs of duplex AT-rlch sequences. Concentrations of unlabeled competitors were; 0, 10X, and 50X 
molar excess for the duplex Type I repeat (Type Ids) and duplex (dA-dT)33 competitors: 0, 15X, 
and 75X for the duplex Type II oligonucleotide; 0, 20X. and 100X for the A-rich (Type IA) and T-
rich (Type \j) single-stranded competitors. 
(C) Summary of gel mobility shift experiments using duplex competitors. Sequences of the 
indicated competitors are shown in Fig. 5A. Radioactivity in Type I DNA-protein complexes was 
quantitated using a Molecular Dynamics Phosphorlmager. The value for the Type I repeat complex 
in the absence of competitor was taken as 100% bound, and other values are expressed as a 
percentage of this value. Each data point represents an average of 2 to 3 independent 
experiments, except that for the G to C substitution at 50X, which is derived from a single 
experiment. These results were corraborated by 7-9 independent experiments in S100 extracts 
(data not shown). Standard deviations are indicated for each data point unless the deviation bars 
fall within the point symbol. 
(D) Summary of gel mobility shift competition experiments comparing duplex and single-
stranded oligonucleotides. Values were determined as described for Fig. 5C. 
Synthetic Oligonucleotides; 
Duplex Type I repeat 
Type I repeat 
Competition 
ability 
nmTTGGCftAAÂAÂAAÀAACAAAAATAGTAA 
AAAAAAACCGÎTTÎTÎTTÎÎÏGnTTTATCATr 
deletion 
A5 deletion 
GG to CC 
substitution 
mTTTTGGCAAAAAAAAAACAAAAATAGTAA 
AAAAAAACCGîmTmTTGTTrTTATCATT 
nmTTGGCÂÀAAAACAAAAATAGTAA 
AAAAAAACCGTTTÎTTGTTnTATCATI 
nTrnTccCMAAAil###CAAAAATAGTAA 
Nonspecific Competitors 
Type II: 6ATCCTTAAAAATGAGTGGA 
T. thermophila GAATTTnACTCACCTCTAG 
Type II: TCCACTCAAAAAAGTGAGTGAG 
T. pyriformis AGGTGAGTTTTTTCACTCACTC 
Hs MAHTV AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
^3 TmTTTrTTTTTTTTTrTTrTTTTTTrTTTTT 
• Type II 
• Type 1 
0 Ai deletion 
A As deletion 
A G to C substitution 
0ds(dAdT )33 
0 10 20 30 40 
MOLAR EXCESS OF COMPETITOR 
33 Type Ids Type lids dAdT 
0^ 
Type 1^ Typelj 
I 
0 20 40 60 
MOLAR EXCESS OF COMPETITOR 
• ss dAss 
o ss diss 
A ss A Type I 
A ss T Type I 
• ds Type I 
• ds (dAdT) 33 
I « I ' 
80 100 120 
3 4  
corresponding to the Type II repeat sequence (see Fig. 1) did not 
compete for binding (Fig. 5B and C). These oligonucleotides contain a 
central AT-tract of five or six base pairs (Fig. 5A). Their inability to 
compete with the Type I oligonucleotide for binding is not simply the 
consequence of their shorter length, since (dA-dT)25 competes 
effectively for binding (data not shown). These results suggest that ds-
TIBF interacts with tracts of A-T base pairs greater than six base 
pairs in length and recognizes the A-rich central region of the Type I 
repeat. Small insertions in the AT-tracts appear to be tolerated, 
however, because the oligonucleotide in which 5 out of 11 As in center 
of the Type I repeat were deleted still bound ds-TIBF even though the 
remaining Aii-tract was interrupted by a single G-C base pair (Fig.SA, 
and B). 
AT-rich DNA binding proteins that recognize a 17 bp AT-tract in 
the SV40 origin of replication have been shown to bind to both double-
stranded and single-stranded DNA (23, 38, 57). Therefore, we examined 
the binding of ds-TIBF to single-stranded oligonucleotides in 
quantitative competition experiments. Each duplex oligonucleotide 
tested bound ds-TIBF with at least 5-fold greater affinity than the 
corresponding the single-stranded competitor (Fig. 5D). Together with 
the results described above, these experiments demonstrate that ds-
TIBF exhibits a strong preference for AT-rich double-stranded DNA, but 
has only moderate specificity for the Type I repeat sequence. 
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interaction of the single-stranded Type I binding factors ssT-
TIBF and ssA-TIBF with T-rich and A-rich oligonucleotides 
The sequence-specificity of the ssT-TIBFs was first evalulated 
using S100 extracts. None of the DNA binding proteins detected by the 
T-rich single-stranded input DNA appeared to recognize the Type I 
repeat in a sequence-specific manner, since every T-rich 
oligonucleotide tested competed for binding (Fig. 6A and data not 
shown). In contrast, the proteins that bound A-rich single-stranded 
probe specifically recognized the Type I repeat sequence. As shown in 
Fig. 6B, the A-rich Type I oligonucleotide competed strongly for ssA-
TIBF binding, whereas neither (dA)33 nor a nonspecific oligonucleotide 
corresponding to the A-rich strand of the Type II repeat were effective 
competitors. Although the relative amounts of the three protein-DNA 
complexes detected using the A-rich Type I sequence input DNA varied 
depending on the extract or column fraction being assayed, all three 
bands appeared and disappeared coordinately in every competition 
experiment, as well as in extract titration experiments (data not 
shown). 
Sequence-specific interactions of ssA-TIBF with the Type I 
repea t  
To further investigate the sequence specificity of ssA-TIBF, we 
performed quantitative binding competition assays using pooled 
Sephacryl S-300 fractions enriched in the largest ssA-TIBF activity 
(~250kD). In these experiments, the 32p.labeled input DNA was a 33 nt 
single-stranded oligonucleotide corresponding to the A-rich strand of 
Fig. 6. The ssT-TIBF is not sequence specific; the ssA-TIBF 
recognizes Type I repeats. 
Gel mobility shift assays with 5 p.! of S100 extract binding to 
either the T-rich (panel A) or A-rich (panel B) single strand of the Type 
I repeat. The triangles signify increasing concentrations of unlabeled 
specific and nonspecific single-stranded competitors. 
(A) Labeled T-rich Type I repeat (ssT Type I) in competition with 
0, 10X and 50X molar excess of the indicated competitors: ssT Type II, 
T-rich strand of the Type II repeat; ss dTgs, oligo(dT)33; ssT Type I, T-
rich strand of the Type I repeat. 
(B) Labeled A-rich Type I repeat (ssA Type I) in competition with 
0, 10X and 50X molar excess of the indicated competitors: ssA Type II, 
A-rich strand of the Type II repeat; ss dA33, oligo(dA)33: ssA Type I, A-
rich strand of the Type I repeat. 
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the Type I repeat. Single-stranded competitor oligonucleotides 
corresponding to altered versions of the A-rich strand are shown in Fig. 
7A. These include a GG to CC substitution, an Ai deletion and Type I 
sequences truncated on either the 5' or 3' end. A representative gel 
mobility shift assay testing ability of oligonucleotides to compete 
with the A-rich single strand of the Type I repeat for binding to ssA-
TIBF is shown in Fig. 7B. Deletion of a single A or 5A nucleotides (not 
shown) from the An tract did not significantly impair binding to ssA-
TIBF (Fig. 7C). However, removal of all sequences flanking the central 
A-rich region on the 5' side resulted in a significant reduction in 
binding, as did deletion of the six nucleotides that form the 3' end of 
the repeat (Fig. 7B, and C). Oligonucleotides bearing these deletions 
competed only as well as the nonspecific (dA)33 competitor. Curiously, 
neither the deletion of seven Ts on the 5' end nor the substitution of 
two Cs for Gs between the Ty and Aii tracts had any effect on ssA-
TIBF binding, even though the oligonucleotide lacking all of these 
nucleotides (TyGGC deletion) competed poorly for binding. ssA-TIBF 
binding ability was not determined by the length of the 
oligonucleotides used in these experiments, because a 26 nt 
oligonucleotide (Ty deletion) competed effectively whereas a 27 nt 
oligonucleotide (TAGTAA deletion) did not. Taken together, these 
results demonstrate that ssA-TIBF is a single-stranded DNA binding 
protein that specifically recognizes the Type I repeat sequence. 
Fig. 7. Deletions of the terminal domains of the Type I repeat 
result in loss of ssA-TIBF recognition. 
Gel mobility shift assays of Type I repeat binding by partially purified 
ssA-TIBF (Sephacryl S-300 fraction) in the presence of oligonucleotide 
competitors was carried out as described in Materials and Methods. 
(A) Synthetic oligonucleotides used as competitors against the A-
rich single-strand of the Type I repeat in gel mobility shift assays. 
Boxed sequences correspond to Type I repeat sequences: shaded regions 
indicate the central An tract; lower case letters denote base 
substitutions. The ability of each oligonucleotide to compete for 
binding to ss-TIBF relative to the unaltered A-rich strand of the Type I 
repeat at a 50X molar excess is indicated. 
(B) Representative gel mobility shift experiment showing that 
ssA-TIBF binding is sensitive to sequence alterations in the terminal 
portions of the Type I repeat. Concentrations of unlabeled competitors: 
0, 10X, and 50X molar excess for each oligonucleotide except the T7GGC 
deletion in which 0, 15X and 75X concentrations were used. Sequences 
of the oligonucleotides indicated above each triangle are shown in Fig. 
7A. 
(C) Summary of gel mobility shift competition experiments using 
single-stranded oligonucleotides. Sequences of the indicated 
competitors are shown in Fig. 7A. Radioactivity was quantitated and 
values determined as described in the legend for Fig. 5C. Each point 
represents an average of 6 to 12 independent experiments except for 
the following competitors: Ai deletion and TAGTAA deletion, 2 
experiments each; T/GGC deletion, 4 experiments. Standard deviations 
are indicated for each point unless the deviation bars fall within the 
point symbol. 
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DISCUSSION 
The only genetically-defined DNA sequence elements directly 
implicated in the control of chromosomal DNA replication in eukaryotes 
are ARS sequences in S. cerevisiae (reviewed in 9, 18), amplification 
control elements (ACE) and amplification enhancing regions (AER) in 
the chorion genes of D. melanogaster (reviewed in 41), and Type I 
repeat sequences in the macronuclear rDNA of T. thermophila (35, 69). 
The ARS core consensus sequence is essential for the activation of both 
chromosomal and plasmid replication origins in yeast (15, 45). The core 
sequence has long been thought to play a role in the initiation of DNA 
replication, and DNA-binding proteins that recognize it have been 
recently identified (3, 29, 33, 34, 49). The ACE and AER are cis-acting 
control elements necessary for amplification of chorion gene clusters 
on the third and X chromosomes in D. melanogaster. Sites at which DNA 
replication initiates during amplification have been mapped to regions 
containing these elements by two-dimensional gel analysis (13, 27). 
Much less is known about the role of Type I repeat sequences in 
Tetrahymena rDNA replication. The origin of replication of the 
palindromic rDNA has been mapped by electron microscopy to a region 
650 ± 300 bp from the center of the palindrome (11)(Fig. 1). The 
mapped origin coincides with a nuclease hypersensitive domain 
designated Domain 1. The DNA sequence and nuclease sensitivity of this 
region are duplicated in Domain 2, which may also function as an origin 
(42). The presence of evolutionarily conserved Type I repeats in the 
origin region and the fact that mutations in Type I repeats affect the 
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ability of rDNA molecules to replicate in vivo, suggest the hypothesis 
that Type I repeats are involved in the initiation of rDNA synthesis. To 
investigate the possible role of the Type I repeat in rDNA replication, 
we categorized three families of DNA-binding proteins that recognize 
the sequence in vitro: ds-TIBF (Fig. 5), ssT-TIBF (Fig. 6), and ssA-TIBF 
(Fig. 6 and Fig. 7). One of these, ssA-TIBF, specifically interacts with 
the A-rich single strand of the Type I repeat and binds with reduced 
affinity to truncated versions of the conserved sequence element. 
These results suggest that DNA-protein complexes formed between 
ssA-TIBF and the Type I repeats in the origin region may play a role in 
Tetrahymena rDNA replication in vivo. 
ds-T IBF 
Several families of DNA-binding proteins that interact with Type I 
repeat sequences were identified by hydroxyl radical footprinting and 
gel mobility shift analyses. The double-stranded DNA-binding protein, 
ds-TIBF. binds with high affinity but only moderate specificity to the 
duplex form of the repeat.  The af f in i ty of  ds-TIBF for ol igo(dA-dT )33 
implies that AT-richness is an important determinant for binding. Type 
II repeat sequences from the 5'NTS of the rDNA (Fig. 1C), however, are 
not bound by ds-TIBF even though they have a central AT-tract of 5-6 
base pairs (Fig. 5A). One interpretation of these results is that ds-TIBF 
binding requires tracts of more than 6 A-T base pairs for binding. 
Alternatively, ds-TIBF could specifically recognize a structural feature 
of the 17 bp AT-rich central region of the Type I repeat that is also 
present in ol igo(dA-dT)33. 
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AT-rich duplex DNA binding proteins exist in other eukaryotes. 
For example, a protein, a 10 kD high mobility group (HMG) protein from 
monkey cells, binds preferentially to any tract of at least 6 AT base 
pairs in duplex DNA (53). Several mammalian cellular proteins 
specifically recognize the 17 bp AT-tract within the SV40 core origin 
of replication (2, 23, 38, 57). In contrast to ds-TIBF, which exhibits a 
strong preference for duplex DNA, most of these proteins bind to both 
single-stranded and duplex DNA. 
The DNA-binding activity of ds-TIBF is associated with a 66kD 
polypeptide (data not shown), it is, therefore, distinct from the much 
smaller HMG B and HMG C proteins characterized in Tetrahymena (50). 
Although the binding of ds-TIBF to the Type I repeat in vitro is only 
moderately sequence-specific, our experiments do not exclude the the 
possibility that ds-TIBF could selectively interact with the Type I 
repeat in vivo, perhaps by its association with other cellular proteins. 
It is also possible that ds-TIBF specifically recognizes a 
conformational feature of the Type I repeat sequence in native 
chromatin. 
ssT-T IBF 
Single-stranded DNA-binding proteins detected using as substrate 
the T-rich strand of the Type I repeat bound nonspecifically to any T-
rich single-stranded DNA tested. Three abundant single-stranded DNA 
binding proteins have been previously identified in Tetrahymena (58), 
but they are considerably smaller than the T-rich binding proteins 
identified in this study. Single-stranded DNA binding proteins with 
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relatively little sequence specificity have been shown to play a role in 
DNA replication in prokaryotes as well as in SV40 DNA replication in 
mammalian cell extracts. Replication protein A (RP-A), also known as 
replication factor A (RF-A), or single-stranded DNA-binding protein 
(SSB) in humans, is essential for SV40 DNA replication in wYro(17, 67, 
68). The yeast and human RP-A proteins bind preferentially to the 
pyrimidine-rich strand of yeast and SV40 origins of replication, 
respectively (31). The significance, if any, of the interactions of 
Tetrahymena ssT-TIBF with T-rich oligonucleotides remains to be 
determined. 
ssA-T IBF 
Of the DNA-binding proteins categorized in this study, ssA-TIBF 
is the best candidate for a physiologically relevant factor. ssA-TIBF 
selectively binds to single-stranded DNA corresponding to the A-rich 
strand of the Type I repeat. This selectivity is indicated by the 
sequence-specific competition observed in binding assays and by the 
-five-fold greater affinity ssA-TIBF exhibits for the A-rich strand of 
the Type I repeat relative to duplex Type I sequences (56). Since many 
single-stranded nucleic acid binding proteins bind both DNA and RNA, 
several oligoribonucleotides were also tested and shown to be poor 
competitors for ssA-TIBF binding (56). 
In contrast to ds-TIBF, ssA-TIBF interacts most strongly with 
sequences at the ends of the conserved Type I repeat rather than the 
central AT-rich region. Under the binding conditions employed here, we 
were unable to detect a significant decrease in the affinity of ssA-
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TIBF for oligonucleotides in which either one or five A residues were 
deleted from the central region. This was not unexpected, since the 
difference in the replication rates of the wildtype and rmm mutant 
rDNAs bearing a single A deletion is apparently <10% in vegetatively 
dividing cells (35). However, in more detailed equilibrium binding 
studies, ssA-TIBF can discriminate between two alleles of the rDNA, 
C3 and B, that exhibit differential replication properties in vivo (See 
Paper 2). 
These results suggest a possible role for ssA-TIBF in the control 
of rDNA replication. The replication defects observed in rDNA 
molecules bearing mutations in Type I repeats are consistent with a 
role for the Type I sequence in the regulating the rate of replication 
initiation at the rDNA origin. Since ssA-TIBF binds single-stranded DNA 
preferentially, specific complexes between ssA-TIBF and Type I 
sequences in vivo must form after the generation of single-stranded 
regions. If initiation of DNA synthesis occurs within previously 
unwound regions in Tetrahymena, as it appears to do in some other 
eukaryotes (1, 25), ssA-TIBF could be involved in the initial recognition 
of the origin. Alternatively, ssA-TIBF could recognize the Type I 
sequence in duplex DNA (albeit with reduced affinity) and promote 
destabilization of the helix in the origin region. This possibility is 
currently under investigation. Finally, ssA-TIBF might function in 
events that occur after recognition of the origin by an unidentified 
initiator protein(s). 
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Sequence-specific single-stranded DNA-binding proteins 
An increasing number of single-stranded DNA-binding proteins 
have been reported to interact specifically with DNA sequences 
involved in transcriptional regulation and recombination (7, 19, 21, 30, 
32, 46, 48, 66). Moreover, several single-stranded DNA binding proteins 
that recognize sequences within chromosomal replication origin 
regions in eukaryotes have been identified recently. These include 
proteins that interact with the T-rich strand of ARS core consensus 
sequence in yeast (29, 33, 34, 49) and a mammalian single-stranded 
DNA binding protein that recognizes a repeated purine-rich sequence 
element, termed PUR, associated with several origins of replication 
and gene flanking regions in several of eukaryotes (5). However, the 
preferential binding of ssA-TIBF to an A-rich sequence element 
distinguishes it from all of the sequence-specific single-stranded DNA 
binding proteins noted above. 
Defining the functional origin of replication Tetrahymena 
rDNA 
Chromosomal DNA replication in many eukaryotes appears to 
initiate throughout broad regions rather than at the defined sites 
characteristic of S. cerevisiae (4). Initiation zones have been localized 
within regions of several hundred to several thousand base pairs in 
mammalian chromosomes (22, 62, 63) as well as in Drosophila (27, 52), 
and S. pombe (73). Although no specific DNA sequence or structural 
element within any of these potential origins has been directly 
implicated in the initiation of chromosomal DNA replication, initiation 
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zones in these organisms share modular elements that may contribute 
to a functional origin (4, 22, 36). These modular elements include DNA 
unwinding elements (DDEs), pyrimidine tracts that may serve as strong 
DNA polymerase-primase start sites, scaffold associated regions, and 
transcriptional regulatory sequences. Since it has been possible to map 
sites of replication initiation in S. cerevisiae with much greater 
precision than in the initiation zones mentioned above, it appears that 
S. cerevisiae origins are relatively compact. Although the ARS core 
consensus sequence is clearly an essential component of a replication 
origin in S. cerevisiae, it appears, however, that a fully functional 
chromosomal origin contains multiple functional elements (39, 65), 
including at least one or two of the modular elements found in the less 
well-defined origin regions of other eukaryotes. 
In Tetrahymena, a 1.9 kb restriction fragment comprising the 
entire 5'NTS has been shown to promote autonomous replication of 
plasmids in the macronucleus (71), but it has not yet been possible to 
further delimit the region essential for rDNA origin function. Indeed, 
the identification of rmm mutations in two copies of the Type I repeat 
separated by more than 600 bp argues that cis-acting control 
sequences for rDNA replication may encompass an unexpectedly large 
region. The 5'NTS o\Tetrahymena rDNA comprises a large (1.5kb) DUE 
and several other modular elements, including regions of bent DNA, 
scaffold attachment sites, and ARS-like sequences clustered in the 
vicinity of the Type I repeat sequences (36). Determination of the 
possible contribution of each of these elements to origin function will 
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require a combination of genetic, biochemical and molecular 
approaches. 
A possible role for the Type I repeats in both transcription 
and replication 
An interdependence of transcription and replication control has 
long been recognized in prokaryotes, and has been demonstrated 
recently in eukaryotes (reviewed in 14, 28). Cis-acting transcriptional 
control elements are found in association with replication origins in 
many eukaryotic DNA viruses, as well as in yeast (39, 65), Drosophila 
(41), CHO cells (8, 22) and Tetrahymena(35, 40). Furthermore, DNA-
binding proteins that function as transcriptional activators or 
repressors have been shown to play a role in DNA replication. For 
example, transcription factors stimulate the replication of SV40, EBV, 
and polyomavirus through a mechanism that requires the 
transcriptional activation domains of the cognate factors (14, 28). A 
similar mechanism appears to be involved in the activation of yeast 
ARS sequences by transcription factor binding sites located near the 
ARS core consensus sequence (39). 
We propose that the Type I repeats also play a role in the control 
of both transcription and replication of the rDNA in Tetrahymena (35, 
40). There are four copies of the Type I repeat within the 5'NTS of the 
rDNA in T. thermophila (12). Two are located close to the rRNA 
transcription initiation site, and two lie within the nuclease 
hypersensitive Domains 1 and 2 (Fig. 1). The Type I repeat located 
closest to the rRNA transcription initiation site is essential for 
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promoter function in vitro (40). In view of the identification of the 
Type I repeat as a component of the transcriptional promoter, it is 
intriguing that several rmm mutations responsible for rDNA replication 
defects lie in upstream copies of the repeat (indicated by asterisks in 
Fig. 1C). The upstream repeats of the Type I element are reminiscent of 
the promoter element repeats in the rDNA spacers of Xenopus and 
several other eukaryotes(44). In wildtype rDNA, the essential promoter 
Type I repeat differs in 8 out of 33 nucleotides from the three 
upstream copies, which are identical in sequence (12). Nevertheless, 
ssA-TIBF binds this Type I repeat in the promoter region and the 
upstream Type I repeat in the replication origin region with equal 
affinity (54). The binding properties of ssA-TIBF in vitro, therefore 
suggest that it could be involved in the regulation of both rDNA 
replication and transcription in vivo. 
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ABSTRACT 
A single-stranded DNA-binding protein, ssA-TIBF, that specifically 
interacts with the A-rich strand of the Type I repeat, a cis-acting 
replication control element, in the 5' non-transcribed spacer region of 
the rRNA genes (rDNA) in Tetrahymena thermophila has been described 
(39). ssA-TIBF demonstrates strict sequence requirements for binding: 
Elimination of either end of the Type I repeat dramatically decreases 
binding of ssA-TIBFs. Here we report the purification of ssA-TIBF and 
further characterization of the ssA-TIBF binding site. 
Two natural rDNA variants, C3 and B, differ in replication 
efficiency and in the sequences flanking the 3' end of one of the copies 
of the Type I repeat (28). ssA-TIBF binds preferentially to the 3' 
extended forms of the C3 rDNA Type I repeat. In addition, ssA-TIBF 
binds to the Type I repeat immediately adjacent to the transcriptional 
start site, which has been shown to be an essential element of the 
promoter in vitro (33). The affinity of ssA-TIBF for the extended form 
of this repeat equals the affinity for the upstream Type I repeats, even 
though this repeat differs from the upstream repeats at 8/33 positions. 
These results suggest that ssA-TlBF may be a transcription factor that 
is also involved in the regulation of rDNA replication. 
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INTRODUCTION 
The difficulty of defining precise origins of replication in 
eukaryotes has been one key problem in determining the mechanism of 
replication initiation. Specific eukaryotic cis-acting sequences that 
function as sites of DNA replication initiation have been elusive. In 
yeast, a subset of the currently defined ARS (Autonomously Replicating 
Sequences) elements function as chromosomal origins of replication 
(5). The essential ARS element consists of an 11 bp core consensus 
sequence (ACS) flanked by an AT-rich region containing several 
functional sites, including binding sites for transcription factors. Two 
types of protein-DNA complexes have been shown to interact with the 
ARS core consensus sequence. One of these specifically interacts with 
the T-rich single-stranded form of the ARS core consensus sequence 
(23, 27, 37). A second factor consists of 6 polypeptides and forms 
sequence-specific interactions with the ARS element in double-
stranded DNA, which includes sequences flanking the element (2). 
Interactions of this factor with the ARS are element corroborated by 
similar footprints in vivo (15). However, the specific roles of these 
factors, and whether they are involved in the initiation of DNA 
replication or at a latter stage, is not known. 
An essential component of the ARS element involves transcription 
factor binding sites (32). Several cases of transcription factors being 
involved in DNA replication have been described. Binding sites for 
transcription factors localize with many origins and zones of DNA 
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replication in viral (14), yeast (16), and mammalian systems (21, 24). 
In several viral systems, transcription factor binding sites have been 
shown to be required for and to stimulate DNA replication (13, 14, 19, 
20, 22, 30, 31). Furthermore, the binding of transcription factors with 
specific transcriptional activation domains is necessary for the 
stimulatory effects the activation of both viral replication origins and 
yeast ARSs on plasmids (3, 10, 18, 32). Thus transcription factors play 
an important role in DNA replication. 
Several cis-acting replication control elements have been 
identified in the rRNA genes (rDNA) of Tetrahymena thermophila. In 
Tetrahymena, the rDNA is a 21 kb palindromic extrachromosomal unit 
that is amplified to 10,000 copies in the macronucieus, (reviewed in 
(42)). An origin of replication has been mapped by electron microscopy 
to the 5' non-transcribed spacer (5' NTS) of the rDNA (7). Yu and 
Blackburn have shown that a 1.9 kb restriction fragment containing the 
region can promote autonomous replication of plasmids in macronuclei 
of Tetrahymena cells (43). This gives functional evidence that the 5' 
NTS contains sequences essential for the initiation of rDNA replication. 
Within the 5' NTS are three types of conserved repeated elements, 
designated Type I, II, and III repeats. The sequence and organization of 
these elements within the 5' NTS are conserved in three ciliate 
species, Tetrahymena thermophila, Tetrahymena pyriformis, and 
Glaucoma chattoni (8, 34). The Type I repeat is a genetically-defined 
control element for rDNA replication; specific mutations within the 33 
nt repeat cause rDNA replication defects in vivo (28, 41). There are 
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four copies of the Type I repeat within the 5' NTS region (see Fig. 1) (8). 
The Type I repeat nearest the transcriptional start site has been shown 
to be an essential element of the promoter in vitro (33). The three 
upstream repeats of the Type I promoter element are not essential for 
transcription in vitro, but could play a role in vivo. 
Replication differences between two natural variants of the rDNA 
found in inbred strains B and C3 were utilized to identify cis-acting 
replication control elements. When cells homozygous for B or C3 rDNA 
are crossed, the C3 rDNA gradually predominates in the macronucleus 
after several generations in the dividing progeny cells (28). Mutations 
which reversed the replication preference were isolated in C3 cells. 
Molecular and genetic analysis revealed that three of the mutants 
differed from wildtype by a single base pair deletion in one of the 
upstream Type I repeats (see Fig. 1). C3 and B rDNA differ primarily by 
a 42 base pair deletion that removes sequences immediately adjacent 
to the Type I repeat in Domain 2 (see Fig. 1) (28, 41). Taken together 
these results show that the Type I repeat is involved in the regulation 
of rDNA replication in Tetrahymena. 
We previously characterized DNA-binding proteins that interact 
with the Type I repeat (39). One of these, ds-Type I Binding Factor (ds-
TIBF) interacts with the duplex form of the repeat and appears to 
recognize the AT-rich central region. ds-TIBF also has an affinity for 
nonspecific AT-rich competitors suggesting that ds-TIBF recognition 
of the Type I repeat is promiscuous. In contrast, ssA-Type I Binding 
Factor (ssA-TIBF) specifically binds to Type I sequences because 
Fig. 1. Structure of the Tetrahymena thermophila macronuclear rDNA. 
The top line shows a map of the 21 kb palindromic rDNA. Arrows indicate pre-rRNA 
transcription units; solid boxes, coding regions for the 17S, 5.8S and 26S rRNAs; thin lines, 5' and 
3' non-transcribed spacer regions; hatched lines, telomeric sequences (28, 29). The bottom lines 
illustrate the organization of repeated sequence elements in the 5'NTS of C3 and B rDNA. Domains 
I and 2 refer to hypersensitive domains that correspond to an ~400 bp imperfect duplication (34). 
Proposed replication origin(s) (6, 7, 35) are shown above Domains 1 and 2. Members of the Type I, 
II and III repeats (8) conserved repeated elements are indicated. A 42 bp deletion causes the Type 
III repeat to overlap with the Type I repeat in Domain 2. Asterisks denote Type I elements known 
to be altered in mutants defective in rDNA replication (28, 41). 
21 kb rDNA 
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deletion of either border sequence to the AT-rich center greatly 
reduces ssA-TIBF binding. To test whether ssA-TIBF binding could be 
influenced by sequences outside the conserved Type I repeat element 
we have further investigated of the sequence requirements for ssA-
TIBF binding. 
Using gel mobility shift assays we have further characterized the 
ssA-TIBF binding site. In addition to the conserved Type I repeat 
element, ssA-TIBF also interacts with sequences flanking the 3' end in 
two of the upstream repeats. These sequences are deleted in B rDNA. 
Competition experiments comparing the affinity of ssA-TIBF for 
extended versions of the Type I repeat from B versus C3 rDNA, reveal a 
preference for the C3 Type I repeat. Thus, the affinity of ssA-TIBF for 
C3 versus B rDNA Type I sequences mimics the replication hierarchy in 
vivo. Moreover, although the Type I repeat in the rDNA promoter region 
differs slightly from the upstream versions, competition assays 
indicate that the affinity of ssA-TIBF for these sequences is identical. 
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MATERIALS AND METHODS 
Cell growth and S100 extract preparation 
8100 extracts were prepared from Tetrahymena cell cultures 
essentially as previously described (39). T. thermophila strain C3V 
cells were grown at 30OC to mid-log phase (2.5 x 10^ cells/ml) in 2% 
PPYS (2% proteose peptone, 0.2% yeast extract, 0.003% sequestrine). 
Cells were collected (centrifugation at 2600 x g, 7 min.) and washed 
twice in chilled 10 mM Tris-HCI, pH 7.5. The final cell pellet was 
resuspended in 5X the pellet volume of HMG (20 mM HEPES, pH 7.9, 1mM 
MgCI, 10% glycerol). Cells were lysed by addition of NP40 to 0.2% final 
concentration for 30 min at 40C while stirring. The whole cell extract 
was centrifuged at 100,000 x g for 60 min. in a Beckman TLA 100.3 
fixed angle rotor. Aliquots of the supernatant were immediately frozen 
in liquid nitrogen, and stored at -SO^C. 
Column chromatography 
ssA-TIBF was purified by 4 successive chromatographic steps. The 
ssA-TIBF binding activity was quantitated by gel mobility shift assays 
and protein concentrations were determined by Bradford protein assays. 
Conductivity readings were used to determine the NaCI concentration in 
each fraction. 40 ml of T. thermophila SI00 extracts (3.7 mg/ml 
protein) was applied to a 80 ml (Whatman P11, 2.5 x 16.5 cm) 
phosphocellulose column equilibrated with HMG/0.1 (20 mM HEPES, pH 
7.9, ImM MgCl2. 10% glycerol, 0.02% NP40, ImM DTT, 0.1 mM PMSF, 0.01 
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mM pepstatin, 0.01 mM leupeptin, 0.1 mM NaCI). The column was washed 
with 300 ml HMG/0.1 and bound proteins were eluted with a step 
gradient (200 ml/step) of NaCI (0.15M, 0.2M, and 0.4M) in HMG. Peak 
ssA-TIBF containing fractions from two phosphocellulose columns 
were pooled (120 ml; 0.4M NaCI) and loaded onto a prepacked 5ml (1.5 x 
3.7 cm) econo pac blue column (Biorad) equilibrated with HMG/0.4. The 
column was washed with 100 ml HMG/0.4 and bound proteins were 
eluted with a step gradient of NaCI (0.8M, 1M, 1.5M and 2M) in HMG. Half 
of the fractions containing ssA-TIBF binding activity were pooled (45 
ml) and concentrated (Centricon Centriprep concentrators) to 2.8 ml. 11 
ml of HMG/0 was added to the concentrated protein to dilute the NaCI 
to 0.2M. The diluted sample was once again concentrated for a final 
volume of 4.5 ml. This was loaded onto a HMG/0.2 equilibrated 6ml (1.2 
X 8 cm) sequence-specific DNA-affinity column. This column consisted 
of -70-95 ug of the Type I oligonucleotide 
5'GGCAAAAAAAAAAACAAAAATAGTAAACCTTCCGAAC3' (Nucleic Acid 
Facility, Iowa State University) covalently linked to a CNBr-activated 
sepharose matrix (Pharmacia) as previously described by Kadonaga and 
Tjian (26). The column was wash with 20 ml HMG/0.2 and bound protein 
was eluted with a step gradient of NaCI (0.3M, 0.5M, and 1M) in HMG. 
Peak ssA-TIBF containing fractions eluting at 0.5M NaCI were pooled, 
diluted and desalted as before and reapplied to the Type I DNA affinity 
column. Proteins were eluted from the second DNA-affinity column 
with the same step NaCI gradient used for the first DNA affinity 
column. 
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Gel filtration ciiromatography, as described previously (39), was 
used as an alternative procedure to separate Type I binding factors. 1 
ml of S100 extract (3.5 mg/ml) was applied to a Sephacryl S-300 
column (Pharmacia,1.5 x 88 cm) equilibrated with TEG/0.2 (TEG with 
0.2 M NaCI). Proteins were eluted with 200 ml of TEG/0.2 and 1 ml 
fractions were collected. 
Gel mobility shift assays 
Synthetic oligonucleotide substrates for gel mobility shift assays 
were purchased from the Nucleic Acid Facility at Iowa State 
University. The oligonucleotides were 5' end labeled using T4 
polynucleotide kinase (Biorad) and purified using Micro Select D spin 
columns (5' Prime-3* Prime). Gel mobility shift experiments were 
performed essentially as described previously (39). 1 ng 32p.labeled 
oligonucleotides plus 1 jig Poly dIdC were incubated with 5-12 |j.l of 
column fractions containing ssA-TIBF for 15 min on ice. When fractions 
beyond the phosphocellulose stage of purification (see column 
chromatography above) were assayed poly dIdC was left out. In 
competition assays, Ijil of the appropriate concentration of unlabeled 
oligonucleotide in STE (100 mM NaCI, 10 mM Tris, pH 7.5, 1 mM EDTA) 
was added. Reaction mixtures contained 17 mM HEPES, pH 7.9, 0.8 mM 
NaCI, 8.7% glycerol (v/v), 200 mM NaCI, 1 mM DTT, 0.087 mM PMSF in a 
total of 15 jLil. Binding reactions were carried out in the following 
order: buffer, NaCI, poly dIdC, 32p.labeled oligonucleotides, competitor 
oligonucleotides (when appropriate), with protein added last. Samples 
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were eiectrophoresed in 5% polyacrylamide gels in 0.6X Tris-borate-
EDTA (36) at 200V (>50 mAmps) for 60 min. After electrophoresis, gels 
were dried and exposed to Kodak XAR-5 film. To determine the binding 
of oligonucleotides, the radioactivity in individual bands was 
quantitated in dried gels using a Molecular Dynamics Phosphorlmager. 
UV crosslinking 
UV crosslinking was performed essentially as previously described 
(1). Binding reactions (15 |il), were prepared essentially as described 
above for gel mobility shift assays. S100 Tetrahymena cellular 
extracts or partially purified gel filtration fractions were incubated 
with 32p.|a5eied oligonucleotides corresponding to the 37mer extended 
Type I repeat (see figure 3 for sequence) for 15 min on ice. After DNA-
protein complexes were allowed to form, the samples were irradiated 
using a 254 nm UV source <5 cm above the samples for 30 min on ice at 
40c. 5 |il 4X SDS loading dye (36) was added and the reaction products 
were boiled for 5 min. After cooling, samples were loaded onto a 10% 
SDS-polyacrylamide gel and eiectrophoresed in Laemmli buffer (36) at 
30 mA for 3-4 hrs. Marker lanes contained pre-stained molecular 
weight standards (Biorad). After electrophoresis the gel was soaked for 
30 min in GM buffer (10% glycerol, 5% methanol), dried and exposed to 
Kodak XAR-5 film. 
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RESULTS 
The DNA-binding activity of ssA-TIBF resides in a 95 kD 
polypeptide. 
ssA-TIBF was purified as described in the Materials and Methods. 
Purification was achieved by the following chromatographic steps: 
phosphocellulose, econo pac blue, and two sequence-specific DNA 
affinity columns in which the 37 nt 3' end extended version of the Type 
I repeat was covalently linked to the CNBr-activated sepharose matrix. 
Gel mobility shift assays comparing the ssA-TIBF binding activity 
present in the pooled column fractions is shown in Fig. 2. Fractions 
from the final sequence-specific DNA affinity column produce a single 
shifted band representing the purified ssA-TIBF factor. The ssA-TIBF 
eluting from the econo pac blue column migrates in the position of the 
lowest band observed in gel mobility shift assays of crude extracts. Gel 
mobility shift competition assays show that the econo pac blue 
purified ssA-TIBF has the same binding affinity as the phophocellulose 
purified ssA-TIBF (data not shown). This suggests that the altered 
mobility may be due to degradation of the partially purified factor, but 
does not affect the sequence specificity of the econo pac blue purified 
ssA-TIBF. An overall 870 fold purification of A-TIBF was achieved 
with this strategy as quantitated by gel mobility shift assays. 
Since protein was not detectable on denaturing polyacrylamide gels 
by silver staining of the most highly purified fraction, the molecular 
weight of ssA-TIBF was determined by UV crosslinking. Fig. 3 shows 
Fig. 2. Purification of ssA-TIBF. 
Pooled fraction containing ssA-TIBF from consecutive columns 
were compared by gel mobility shift assays. 32p.|abeled 37 nt Type I 
repeat oligonucleotides was used as the binding substrate. Lane 1, SI00 
cellular Tetrahymena extracts; lane 2, pooled phosphocellulose 
fractions: lane 3, pooled econo pac blue fractions: lane 4, pooled 
fraction from the first sequence-specific DNA-afinity column: lane 5, 
one fraction from the second sequence-specific DNA-affinity column. 
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Fig. 3. UV crosslinking of ssA-TIBF with ttie 37 nt Type I 
repeat. 
32p-|abeled 37 nt Type I repeat oligonucleotides were incubated 
with partially purified ssA-TlBF, were crosslinked by UV irradiation, 
and separated according to size by denaturing gel electrophoresis (see 
Materials and Methods). Complexes were allowed to form in the 
presence of unlabeled competitor oligonucleotides; lane 1, non-
irradiated control; lane 2, no competitor; lane 3, ss dAsa, nonspecific 
competitor oligo dAgg; lane 4, ssA Type I, specific competitor single-
stranded A-rich Type I repeat. The molecular weights of protein 
standards and their relative mobilities are indicated to the left of the 
gel. 
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that a polypeptide of approximately 105 kD was covalently linked to 
the 32p.iabeled Type I repeat probe when the protein-DNA complex was 
irradiated prior to electrophoresis (Fig. 3, lane 2). No band was found in 
reactions in which ssA-TIBF was not present (data not shown), or not 
irradiated (Fig. 3, lanes 1). The intensity of the band was unaffected by 
the presence of 50X molar excess of an unlabeled nonspecific 
competitor, oligo (dA)33 (Fig. 3, lane 3). A 50 molar excess of unlabeled 
Type I repeat sequences included in the reaction mixture, however, 
reduced the intensity of the labeled band by greater than 80% (Fig. 3, 
lane 4). These results confirm that ssA-TIBF, specifically recognizes 
Type I repeat sequences in gel mobility shift competition assays (39). 
We conclude that the sequence-specific DNA binding activity of ssA-
TIBF is associated with the single polypeptide observed in figure 3. The 
ssA-TIBF-associated polypeptide appears to be 95 kD, when the 10 kD 
contributed by the linked oligonucleotide is subtracted. 
The native molecular weight of ssA-TIBF previously estimated on 
the basis of S-300 gel filtration chromatography was 250 kD (39). This 
suggests that ssA-TIBF may exist as a multimer in crude extracts. 
ssA-TIBF binds to additional sequences on the 3' end of the 
Type I repeat. 
ssA-TIBF binding to the Type I repeat exhibits sequence specificity 
(39). Deletion of sequences That form either border of the repeat 
greatly reduce binding to the Type I repeat. Sequences outside the Type 
I repeat, therefore, may also be involved in interactions of ssA-TIBF 
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with the Type I repeat. Gel mobility shift competition experiments 
confirm that sequences on the 3' end of the Type I repeat are indeed 
important (Fig. 4). Partially purified ssA-TIBF was allowed to bind to 
radiolabeled conserved 33 nucleotide Type I repeats in the presence 
or absence of unlabeled competitor oligonucleotides. Competitors 
included the Type I repeat and oligonucleotides consisting of part of 
the Type I repeat plus additional sequences on the 3' end (Fig. 4A). The 
3' extended competitor oligonucleotide consisted of the Type I repeat 
plus twelve 3' nucleotides derived from the sequences immediately 
adjacent to the Type I repeat in Domain 2 of the C3 rDNA. To maintain a 
consistent oligonucleotide length the seven Ts on the 5' end of the Type 
I repeat were deleted. An oligonucleotide deleting the seven Ts was 
also used as a competitor to ensure that they were not involved in the 
recognition of the Type I sequences by ssA-TIBF. The extended Type I 
competitor is able to completely deplete binding to the wild type 
33mer Type I repeat (Fig. 48). Quantitation of the results suggested 
that ssA-TIBF had a 2 fold higher affinity for the extended form of the 
Type I repeat. These results indicate that sequences 3' to the Type I 
repeat play an important role in the binding of ssA-TIBF. 
Comparison of sequences surrounding the Type I repeats in 
the 5' NTS. 
To investigate the significance of the flanking sequences we 
examined the four 5' NTS Type I repeats, designated la, lb, Ic, and Id 
(Fig. 5A) in the context of their surrounding sequences (Fig. 5B). As 
Fig. 4. The recognition sequence of ssA-TIBF includes 3' 
flanking sequences as well as the Type I repeat. 
(A) Single-stranded Type I repeat oligonucleotide sequences and 
their binding affinities for ssA-TIBF. The oligonucleotides shown were 
used as competitors in the gel mobility shift assay in panel B: Type I 
repeat, the A-rich single-strand comprising the conserved 33 
nucleotide Type I repeat; Extended Type I, 26 nt of the Type I repeat 
plus 12 nt that flank the 3' end of the repeat found within Domain 2 in 
C3 rDNA (see Fig. IC); Ty deletion, the conserved Type I repeat minus 
the 7Ts on the 5' end. Boxed nucleotide sequences indicate sequences 
derived from the conserved 33nt Type I repeat. The ability of the 
oligonucleotides to compete for ssA-TIBF binding is expressed relative 
to that of the input oligonucleotide, the 33 nt Type I repeat (100%). 
Values are from an average of 2 experiments. 
(B) Gel mobility shift competition assay illustrating the affinity 
of ssA-TIBF for extended versions of the Type I repeat. 32p.labeled 33 
nt Type I repeat oligonucleotide was bound by partially purified ssA-
TIBF (gel filtration column fraction) in the presence or absence of 
unlabeled competitor oligonucleotides (see Materials and Methods). 
Competitors used are indicated above each set of 3 lanes which show 
reactions containing 0, 10X, and 50X molar excess of competitor. The 
abbreviations are explained in panel A. 
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Synthetic Oligonucleotides: Competition Binding 
. . . .  ,  ,  .  a b i l i t y  ( % )  a b i l i t y  A-rich strand of Type I repeat 
'ITTTTTTTGGCAAAAAAAAAAACAAAAATAGTAAI A ' 100 + 
FYPTUSZ nt) IGGCAAAAAAAAAAACAAAAATAGTA44CCTTCCGAAC 200 + 
deletion (26 nt) IGGCAAAAAAAAAAACAAAAATAGTÂÂI 95-100 + 
Nonspecific Competitor 
SS (DA)^3 AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA <20 
B 
Extended Ty 
Type I Type I deletion 
Fig. 5. Additional sequences that enhance ssA-TSBF binding flank two Type I repeats 
identified as cis-acting replication control elements. 
(A) Organization of repeated sequence elements of the C3 rDNA 5' NTS. Domain 2 is an 
imperfect repeat of Domain 1. Domain 1 and Domain 2 are nuclease hypersensitive domains. They 
represent ~400 bp of imperfect duplication. Black filled boxes designated la-d, four copies of 
the Type I repeat: Slashed boxes designated II, Type II repeats; stippled boxes designated III, 
Type III repeats which are topoisomerase I binding and cleavage sites. The wavy arrow indicates 
t h e  s t a r t  s i t e  f o r  r R N A  t r a n s c r i p t i o n .  A s t e r i c k s  d e n o t e  r e p e a t s  s h o w n  t o  b e  a l t e r e d  i n  r m m  
mutants. 
(B) Comparison of the four copies of the Type I repeats and flanking sequences in C3 rDNA. a-
d correspond to the Type 1 repeats depicted in panel A. Boxed nucleotides are the previously 
described conserved Type I repeat sequences. 3' flanking nucleotides that are identical in b and c 
repeats are shown in shaded box. 
C. Comparison of the Type I repeat (Ic) and 3' flanking sequences within Domain 2 of C3 and B 
rDNA. The boxed and shaded nucleotides are as described in panel B. Underlined nucleotides 
correspond to Type III repeat sequences that overlap the Type I repeat as a result of a 42 bp 
deletion in B rDNA relative to C3. 
A) 
on 
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la III 
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lb III 
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100 bp 
B) Type I repeat sequences in wildtype C3 rDNA 
la: ATTAGATAtTTTTTTTGGCAAAAAAAAAAACAAAAATAGTAAiAAAATCACTTTTTTTGAGAGTTGAAAA 
'lb: ATTAGAAAffTTTTTTGGCAAAAAAAAAAACAAAAATAGTA/^CCftCCGAACfffT<GCAACTTTTGAG 
*lc: CAGAGTCTifTTT 
Id: TGAGAAAA|ATTCTTTGGCAAAAAAAATAAAAATAATATCA(3GGGGGTAAAAATGCATATTTAAGAAGG 00 
C) Comparison of Type I repeat (lb) and 3' flanking sequences in Domain 2 
*C3(lb): 
B(lb): ATTAGAAAffTTTTTTGGCAAAAAAAAAAACAAAAATAGTAAlACTTAGAAAAATTTTTGAAAAATGAAA 
FT 
L—a 
= Conserved Type I Repeat 
— = Conserved Type III Repeat 
_fci = Conserved Adjacent Sequences 
= Mutated Repeats in rmm Mutants 
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noted previously (28), the sequences that enhanced the affinity of ssA-
TIBF for Type I repeats in the previous competition assay are conserved 
in the 3' flanking region of two of the Type I repeats (shaded region, 
Fig. 5B). Three individually isolated mutants of rDNA maturation and 
maintenance (C3-rmm 1, 3, and 4) have mutations which affect these 
Type I repeats (28). When the C3 and B rDNA sequences flanking the 
Domain 2 Type I repeat were compared (Fig. 5C), the B rDNA sequences 
evidently lack a portion of the ssA-TIBF binding site. This is due to the 
42bp deletion which brings a Type III repeat immediately adjacent to 
the Type I element. However, it is important to point out that of the 15 
nucleotides in the conserved 3' flanking sequences, 9 positions are still 
intact in B rDNA. 
The binding affinity of ssA-TIBF for C3 and B extended Type I 
Repeats mimics the difference in replication efficiencies 
between C3 and B rDNA in vivo. 
Can a difference in the affinity of ssA-TIBF for extended Type I 
elements explain the replication disadvantage B rDNA possesses in the 
presence C3 rDNA? A 53 base 32p.labeled oligonucleotide consisting of 
the C3 Type I repeat and 3' flanking sequences competed for ssA-TIBF 
binding against unlabeled oligonucleotides reflecting deletions of both 
the C3 and B Type I repeats (Fig. 6). Gel mobility shift competition 
assays indicated that deleting the Type I repeat from the C3 
oligonucleotides resulted in only a slight reduction in the ability of 
these sequences to bind (Fig. 6, lanes 1-9). This suggests that optimal 
Fig. 6. The binding affinity of ssA-TIBF for C3 vs. B rDNA 
sequences in vitro parallel their replication efficiencies in 
vivo. 
(A) Single-stranded Type I repeat oligonucleotide sequences and 
their relative ability to bind ssA-TIBF. The oligonucletides shown were 
used as competitors in the gel mobility shift assay in panel B. The 53 
nt extended Type I repeat consists of 26 nt of the Type I repeat plus 27 
nt flanking the 3' end of the C3 rDNA Ic repeat; The 53 nt extended B 
Type I repeat consists of 26 nt of the Type I repeat plus 27 nt flanking 
the 3' end of the B rDNA Ic repeat. Boxed nucleotide sequences indicate 
sequences derived from the conserved 33 nt Type I repeat. Underlined 
nucleotide sequences indicate Type III repeat sequences. The ability of 
the oligonucleotides to compete for ssA-TIBF binding relative to the 53 
nt input oligonucleotides is indicated. Values are from an average of 2 
experiments. 
(B) Gel mobility shift competition assay illustrating preferential 
binding of ssA-TIBF to Type I repeat 3' flanking sequences of C3 rDNA 
over B rDNA. P32-iabeled 53 nt Extended C3 Type I repeat 
oligonucleotides were bound by partially purified ssA-TIBF in the 
presence of competitor oligonucleotides (see Materials and Methods). 
Competitors used are indicated above each set of 3 lanes which show 
reactions containing 0, 10X, and 50X molar excess of competitor. The 
abbreviations are explained in panel A. 
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Synthetic Oligonucleotides: Competition Binding 
A-rich strand of Type I repeat ability ability 
Extended 
C3 Type I 
53 nt S'lGGCAAAAAAAAAAACAAAAATAGTAAlACCTTCCGAACTTTTGCAACTTTGAGA.^' ICQ + 
35 nt lAATAGTAAlACCnCCGAACTTTTGCAACTTTGAGA 100 + 
27 nt ACCTTCCGAACTTTTGCAACTTTGAGA 95 + 
Extended 
B Type I 
53 nt IGGCAAAAAAAAAAACAAAAATAGfÂaACTTAGAAAAAnTTTGAAAAATGAAA 90-95 + 
35 nt kATAGTAmCTTAGAAAAATTTTTGAAAAATGAAA 90-95 + 
27 nt ACnAGAAAAATTTTTGAAAAATGAAA 40-50 
Nonspecific Competitor 
SS (dA]^3 AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA <20 
B 
C3Typel 8 Type I 
53 mer 35 mer 27 mer 53 mer 35 mer 27 mer 
50 50 50 50 50 50 
fi 
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binding occurs when both the conserved Type I repeat and 3' flanking 
sequences are present, however ssA-TIBF will interact strongly with a 
subset of the nucleotides in the Type I repeat. A similar reduction in 
competition ability was observed when either the 53 nt or 35 nt B rDNA 
sequences, containing all or part of the conserved Type I repeat, were 
used as competitors (Fig. 6, lanes 10-15). However, complete deletion 
of the Type I repeat caused ssA-TIBF to lose its affinity for the B rDNA 
sequences (Fig. 6, lanes 16-18). Identical results were obtained when 
the B oligonucleotide was the 32p.labeled input (data not shown). Thus, 
ssA-TIBF can differentiate between C3 and B rDNA Type I repeat and 3' 
flanking sequences in Domain 2, with a slight preference for the C3 
element. 
ssA-TIBF specifically interacts with the Type I repeat that 
functions as an essential element of the promoter in vitro 
The Type I repeat adjacent to the transcriptional start site is an 
essential promoter element in in vitro studies (33). The promoter 
element differs from upstream copies by 8 internal nucleotides and the 
3' flanking sequences of the conserved 33 nt repeat sequence (see Fig. 
5B). To test whether ssA-TIBF may bind to the Type I repeat promoter 
element we used the 37 nt extended version of the Type lb repeat (see 
Fig. 5B) as the 32p-iabeled input and competed for ssA-TIBF binding 
with varying lengths of the extended Type Id promoter element (Fig. 7). 
The ability of oligonucleotides to compete for binding ssA-TIBF 
relative to the input is indicated to the right of the sequences in Fig. 
Fig. 7. ssA-TIBF binds tlie promoter Type I repeat and 
upstream repeat sequences with an equal affinity. 
(A) Single-stranded Type I repeat oligonucleotide sequences and 
their relative ability to bind ssA-TIBF. The oligonucleotides shown 
were used as competitors in the gel mobility shift assay in panel B. The 
extended Type I, 26 nt of the Type I repeat plus 12 nt that flank the 3' 
end of the repeat found within Domain 2 in C3 rDNA (Fig. 5); Extended 
promoter, 26 nt of the promoter Type I repeat plus 12 nt that flank the 
3' end of the promoter repeat (Fig. 5); Truncated promoter, 15 nt of the 
promoter Type I repeat plus 12 nt that flank the 3' end of the promoter 
repeat. Boxed nucleotide sequences indicate sequences derived from the 
conserved 33 nt Type I repeat or the promoter Type I repeat. The ability 
of the oligonucleotides to compete for ssA-TIBF binding relative to the 
37 nt extended Type I repeat input oligonucleotide is indicated. Values 
are from an average of 3-4 experiments. 
(B) Gel mobility shift competition assay illustrating the affinity of 
ssA-TIBF for extended versions of both the upstream and promoter Type 
I repeat. P32-iabeled Extended Type I repeat oligonucleotides were 
bound by partially purified ssA-TIBF (gel filtration column fraction) in 
the presence of competitor oligonucleotides (see Materials and 
Methods). Competitors used are indicated above each set of 3 lanes 
which show reactions containing 0, 10X, and 50X molar excess of 
competitor. The abbreviations are explained in panel A. 
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A 
Synthetic Oligonucleotides: Competition Binding 
A-rich strand of Type I repeat 
fyp?K37 nt) 5 ' IGGCAAAAA AAA AAA CAAAAATAGTÂÂhCCTTCCGAAC 3 ' 
Procter (38 nt) IGGCAAAAAAAATAAAAATAATATCÂGbGGGGTAAAAAT 
ProlTKJt?r^(27 nt) ITAAAAATAATAfCÂ^GGGGTAAAAAT 
Nonspecific Competitor 
SS (dA]^3 AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA <20 
ability ability 
100 + 
100 + 
65 
B 
Domain 2 Promoter 
Type I Type I 
37mer 38mer 27mer 
9 T-
# 
• . 
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7A. Despite sequence variations, ssA-TIBF lias a strong affinity for the 
promoter Type I repeat element. In this experiment, the 38 nt extended 
promoter element competed as effectively for ssA-TIBF as the 
extended Type lb repeat (lanes 1-6). Deletion of a portion of the 33 nt 
conserved Type I region reduced the ability of the promoter sequences 
to compete for binding (lanes 7-9). Therefore, ssA-TIBF specifically 
interacts with both the promoter element and upstream copies of the 
Type I repeat. 
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DISCUSSION 
Our results demonstrate that the ssA-TIBF binding site includes 
part of the Type I repeat and sequences flanking the 3' end of two Type 
I repeat elements within the 5' NTS. Both of these repeats have been 
implicated as cis-acting replication control elements in vivo (28, 41) 
(Yaeger, Shaiu, Larson, Orias unpublished data). These 3' flanking 
sequences are deleted in Domain 2 Type I repeats of the B strain rDNA, 
although 9 of the 15 nucleotide positions recognized by ssA-TIBF are 
intact. B rDNA is eventually lost in cells containing both B and C3 rDNA. 
This indicates that B rDNA molecules are less efficiently replicated 
(28). 
We have shown by gel mobility shift assays that ssA-TIBF has a 
lower affinity for sequences flanking the 3' end of the Type I repeat of 
B rDNA. Although ssA-TIBF binds very strongly to the conserved 33 nt 
Type I element without the 3' sequences, it also appears, surprisingly, 
that ssA-TlBF interacts with sequences that flank the Type I repeat in 
the absence of the conserved element. This suggests that ssA-TIBF may 
recognize structural differences not immediately apparent in the 
primary sequence. 
Differences in the affinity of ssA-TIBF for the 3' flanking 
sequences of 03 and B rDNAs are readily apparent. These difference are 
reflected in the 10% difference in the binding affinities observed with 
the longer forms of the repeat, in a physiological context these 
differences are sufficient to explain the replicative differences 
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observed between the rDNAs in vivo. A 10% difference in replication 
efficiency could account for the eventual dominance of C3 rDNA. From 
these data, we speculate that ssA-TIBF is involved in the physiological 
regulation of rDNA replication. 
The Type I repeat nearest the transcriptional start site is an 
essential element of the promoter in vitro (33). The promoter element 
differs from the upstream copies by 8 nt within the 33 nt conserved 
Type I repeat and lacks the 3' sequences ssA-TIBF recognizes in 
upstream repeats. Despite these differences ssA-TIBF recognizes this 
promoter element in an extended 38mer oligonucleotide. The affinity of 
ssA-TIBF for the Type I repeat promoter element in gel mobility shift 
assays is equivalent to that of the extended upstream Type I repeat. 
This suggests that ssA-TIBF may be involved in rDNA transcription as 
well as replication. 
Transcription factor binding sites are required for or stimulate 
replication of many mammalian viral genomes (reviewed in (14)). The 
presence of auxiliary sequences containing binding sites for several 
transcription factors enhances simian virus 40 DNA replication both in 
vivo and in vitro up to 100 fold (13, 19, 22, 30, 31). The enhancement 
of replication is not due to the proximity to transcriptionally active 
DNA, because the initiation of replication is not sensitive to a-
amanitin (12). Nor is chromatin modification solely responsible since 
replication of naked DNA templates is stimulated by these auxiliary 
sequences (19). However, this enhancement requires that the auxiliary 
sequences be in close proximity to the core origin (9, 25, 30). Similar 
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template requirements have been shown to be necessary for 
polyomavirus DNA replication (20). These data suggest that 
interactions between transcription factors and the replicative 
machinery stabilize or increase the activity of the replication factors. 
In some cases, stimulation of DNA replication by transcription 
factors has been shown to require the activation domains of the 
transcription factor. In both polyomavirus and SV40 DNA replication, 
replacement of wildtype transcription factor binding sites by binding 
sites for other transcription factors stimulated DNA replication and 
inhibited repression during chromatin assembly (3, 10, 18). 
In yeast the transcription factor ARS binding factor 1 (ABF1) may 
be important for ARS function. ABF1 binding sites occur at only a 
subset of origins, but the function of these origins in plasmid 
maintenance is reduced when these binding sites are interrupted (4, 16, 
17, 38, 40). The role of ABF1 at the chromosome origin ARS1 has been 
characterized (32). Binding of ABF1 is required for plasmid 
maintenance. The binding site and binding of another transcription 
factor that also interacts with certain ARS elements, RAP1, are, 
however, able to substitute for ABF1. Substitution of the binding site 
for ABF1 with a binding site for a protein lacking the activation 
domain, contribute to the loss of the ABF1 function. 
Binding sites for transcription factors have been localized in 
regions containing potential origins of replication in mammals. 
Transcriptional enhancer sequences and an origin of replication have 
been shown to localize upstream of the human c-myc gene (24). Several 
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transcription factors binding sites are located adjacent to the origin of 
bidirectional replication of the dhfr locus of Chinese Hamster Ovary 
Cells (21). These binding sites include Oct1, AP1, and RIP60. RIP60 
purifies with a DNA helicase activity RIP100, suggesting that these 
factors may be involved in DNA unwinding events preceding DNA 
replication (11). 
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GENERAL CONCLUSIONS 
A complete understanding of how eukaryotic DNA replication is 
controlled requires an understanding of the DNA sequences and protein 
factors involved in the initiation event. To begin to understand the 
mechanisms controlling rDNA replication in Tetrahymena, I have 
characterized three DNA-binding factors that interact with a 
genetically-defined cis-acting replication control element, the Type I 
repeat. The three Type I binding factors (TIBFs) differ in their abilities 
to bind conformationally different Type I repeat sequences. One of 
these factors, ds-TIBF, interactions specifically with the AT-rich 
central region of the duplex form of the repeat. Two of the factors 
prefer a single-stranded Type I repeat comformation, each interacting 
with either the A-rich or the T-rich single-strand repeat sequence. The 
T-rich TIBF factor(s), ssT-TIBF, do not specifically recognize the Type 
I repeat since any T-rich sequence can compete for binding. However, 
the ssA-rich TIBF factor(s) specifically interacts with the sequences 
flanking the A-rich central region of the Type I repeat. Although these 
factors have variable affinities for the Type I repeat, it is possible 
that all three of these factors plays a physiological role in rDNA 
replication. 
Although the duplex Type I binding factor interacts with poly 
(dAdT)33 as well as the Type I repeat sequences, it demonstrates some 
sequence-specific interactions. Competitors with less than 6 central 
AT-base pairs are unable to compete for binding ds-TIBF. This includes 
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the Type II repeat sequences which also lie within the 5' NTS. The 
affinity of ds-TIBF for competitors consisting of strictly AT base pairs 
of 25-33 nt in length, such as oiigo {dAdT)33, suggests that AT-
richness is important for binding. It is important to note that 
theoretically these competitors have multiple binding sites which may 
influence their competitiveness. However, competitors with longer 
stretches of AT base pairs can compete quite well, even if the 
stretches are interrupted by a CG base pair. ds-TIBF also exhibits a 
strong preference for the duplexed form of the Type I repeat since the 
single-strands are unable to compete for binding in gel mobility shift 
assays. Finally, nonspecific RNA polymers are not able to compete for 
ds-TIBF binding to the Type I repeat (data not shown) suggesting that 
ds-TIBF binding is DNA specific. These data suggest that ds-TIBF may 
be specifically recognizing the duplexed AT-rich central region of the 
Type I repeat. 
In experiments with ssA-TIBF, we have shown that sequences 
flanking the 3' end of the Type I repeat are recognized by ssA-TIBF. 
Perhaps sequences specifically recognized by ds-TIBF are not present 
in the oligonucleotides reflecting the conserved Type I repeat. In the 
future, it will be important to examine the interactions of ds-TIBF 
with the Type I repeat in the context of its flanking sequences. It is 
also possible that ds-TIBF may interact more specifically with the 
Type I repeat in vivo. The specific recognition of the Type I repeat by 
ds-TIBF may involve protein-protein interactions that are not formed 
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in gel mobility assays. These possibilities will need to be addressed in 
future experiments. 
There are precedent for the involvement of AT-rich binding 
proteins in DNA replication. Several proteins have been shown to 
recognize a 17-base-pair A/T-rich tract which is part of the minimal 
core origin necessary for SV40 DNA replication (42, 72). One of these 
factors was isolated from a multienzyme complex including the DNA 
polymerase a-primase complex (72). However, unlike ds-TIBF which 
prefers duplexed DNA, some of these proteins specifically bind both the 
single stranded and duplex forms of the A/T-rich tract. 
ssT-TIBF(s), identified by gel mobility shift assays, binds to the 
T-rich single-stranded form of the Type I repeat. The interactions of 
ssT-TIBF with the Type I repeat appear to be nonspecific since any T-
rich single-stranded oligonucleotide can compete for ssT-TIBF binding. 
Because of the lack of ssT-TIBF sequence-specific recognition of the 
Type I repeat we did not pursue further characterization of these 
factors. 
A nonspecific single-stranded DNA binding protein that exhibits a 
preference for pyrimidine tracts is essential for SV40 DNA replication 
in vitro (62). RP-A (also known as RF-A or SSB in humans) has been 
isolate from human (58), Crithidia (13) and yeast (12). RP-A 
facilitates the unwinding event in SV40 DNA replication, however E. 
coli SSBs can substitute for this function. E. coli SSBs cannot 
substitute for the RP-A functional requirement for SV40 DNA 
replication (109). Therefore, it is thought that one of the functional 
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roles of RP-A may involve specific protein-protein interaction with the 
replication machinery. 
Since, nonspecific single-stranded DNA binding proteins are 
essential for DNA replication in other systems, it will be important to 
further characterize ssT-TIBF and its role in rDNA replication. An in 
vitro system of DNA replication using Tetrahymena cellular extracts is 
currently being developed in Drena Larson's laboratory. Once an in vitro 
system of DNA replication is achieved, it will be possible to test the 
role of ssT-TIBF in rDNA replication. 
In contrast to both the previously described Type I binding factors, 
the A-rich single-stranded Type I Binding Factor (ssA-TIBF) exhibits 
strict sequence requirements for recognition. ssA-TIBF cannot bind 
Type I oligonucleotides in which either end of the conserved repeat is 
deleted, suggesting that ssA-TIBF interacts with nucleotides in these 
regions. Further characterization of the sequences recognized by ssA-
TIBF, revealed that ssA-TIBF recognizes specific nucleotides that 
normally flanking the 3' end of a subset of Type I repeats. The two 
repeats flanked by these sequences have both been shown to be altered 
in C3-rmm mutants. A comparison of C3 and B rDNA sequences flanking 
the Type I repeat in Domain 2 reveals that a 42 base pair deletion in B 
rDNA removes the 3' flanking sequences recognized by ssA-TIBF. 
However, 9 of the 15 nucleotide positions conserved in the 3' flanking 
sequences are not altered by the deletion, suggesting that ssA-TIBF 
may still be able to recognize these sequences. When the affinity of 
ssA-TIBF for the C3 versus B 3' extended Type I repeats is compared, a 
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5-10% preference for the C3 sequences is revealed. This mimics the 
replicative capabilities of these rDNA when they compete for 
replication factors within a single macronucleus. Only a 10% difference 
in replication rates is enough to explain the eventual dominance of C3 
rDNA over B rDNA after several vegetative generations. Therefore when 
taken in a physiological context, the differences in the affinity of ssA-
TIBF for the C3 versus B extended Type I repeat sequences in vitro are 
sufficient to explain the replicative differences observed between the 
rDNAs in vivo. From these data, I propose that ssA-TlBF could be 
involved in the regulation of rDNA replication. 
Sequence-specific single-stranded DNA binding factors have 
increasingly been reported to have roles is transcriptional regulation 
and recombination (14, 26, 39, 40, 59, 64, 84, 85, 105) in both lower 
and higher eukaryotes. Single-stranded DNA binding factors that 
recognize sequences within chromosomal replication origin regions in 
eukaryotes have also been identified. For example the yeast ARS 
consensus sequence binding protein (ACBP) specifically recognizes the 
T-rich strand of the 11 nucleotide ARS core (54, 65, 86). ACBP is 
sensitive to mutations that eliminate origin function in in vitro 
replication systems. Another mammalian single-stranded DNA binding 
protein. Pur, has been described which binds specifically to conserved 
purine rich sequence elements found at several origins of replication 
and certain gene flanking region (9). Pur has been shown to specific 
bind elements in two zones of DNA replication initiation of the genes 
c-myc and dhfr. 
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ssA-TIBF also specifically recognizes the Type I repeat that is an 
essential component of the promoter in vitro, despite sequence 
differences at 8 nucleotide positions within the repeat and different 3' 
flanking sequences. ssA-TIBF recognizes the extended form of the Type 
I repeat promoter element with an affinity equal to that for the 
extended upstream Type I repeats. This suggests that ssA-TIBF may 
function in both rDNA replication and transcription. Taken together, our 
data suggests that ssA-TIBF may be a transcription factor that is 
involved the regulation of rDNA replication. 
Evidence coupling DNA replication and transcription has been 
accruing over the last few years. This link may involve higher order 
chromatin structure. For instance, the transcriptional active regions of 
the genome tend to be replicated early in S phase (6, 50, 91), whereas 
transcriptionally inactive regions such as telomeres (74) and the 
inactivated X chromosome (43) generally are replicated late in S phase. 
One possible explanation for the coupling of DNA replication and 
transcription is to coordinate the direct competition between the 
nucleosomes and factors involved in DNA replication and transcription. 
Specific coupling of transcription factor binding sites and DNA 
replication has also been observed (7). The replication of many 
mammalian viral genomes requires or is stimulated by transcription 
factor binding sites (reviewed in (30)). In the case of SV40 DNA 
replication, the presence of auxiliary sequences containing binding 
sites for several transcription factors enhances replication up to 100 
fold (29, 48, 53, 68, 70). However, the auxiliary sequences must be in 
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close proximity to the core origin to exert their influence (21, 57, 68). 
Similar template requirements have been shown to be necessary for 
polyomavirus DNA replication (49). One possible explanation for the 
necessarily tight association of the auxiliary sequences and the core 
origin is that direct protein-protein interactions between the 
transcription factors and the replicative machinery are responsible for 
the increase in SV40 DNA replication. Direct protein-protein 
interactions with transcription factors may either stabilize or 
increase the activity of the replication machinery. 
In some cases, stimulation of DNA replication by transcription 
factors has been shown to require the activation domains of the 
transcription factor. In both polyomavirus and SV40 DNA replication, 
when wildtype transcription factor binding sites were replaced with 
binding sites for other transcription factors, only transcription factors 
with specific activation domains were able to stimulate DNA 
replication and inhibit repression during chromatin assembly (8, 24, 
47). These data suggest that the activation of DNA replication and 
transcription may involve similar mechanisms. 
In yeast the transcription factor ARS binding factor 1 (ABF1) has 
been shown to be important for ARS function, ABF1 binding sites occur 
at only a subset of origins, but the function of these origins in plasmid 
maintenance is reduced when ABF1 binding sites are interrupted (15, 
33, 35, 88, 101). The role of ABF1 at the chromosome origin ARSI has 
been characterized (73). Binding of ABF1 is required for ARS^ function. 
However, a related transcription factor that also interacts with 
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certain ARS elements, RAP1, is able to substitute for ABF1 when the 
ABF1 binding site is replaced with the RAP1 binding site. When the 
binding site for ABF1 is replaced with a binding site for a protein that 
lacks the activation domain, the functional contribution of the ABF1 
site is lost. 
Binding sites for transcription factors are associated with 
potential origins of replication in mammalians. Transcriptional 
enhancer sequences and an origin of replication have been shown to 
colocalize upstream of the human c-myc gene (56). Transcription factor 
binding sites are also located adjacent to the origin of bi-directional 
replication of the dhfr locus of Chinese Hamster Ovary Cells (reviewed 
in 52). These binding sites include Octi, and API. 
ssA-TIBF may be related to UBF, an essential RNA polymerase I 
transcription factor that specifically interacts with the rRNA 
upstream promoter elements (UPE) of Xenopus (3) mouse (2), rat (89) 
and human (4). A complex between hUBF and another factor, hSL1 is 
required to activate RNA polymerase I transcription (4). Two related 
forms of UBF, UBF1 and UBF2, exhibit the molecular mass of 97 and 94 
kD, respectively, in mouse, rat and human. This is very similar to the 
molecular mass of ssA-TIBF of -95 kD. 
Evidence suggests that UBF binds to the UPE as a dimer, or is 
capable of dimerizing after binding (79). The possibility exists that 
ssA-TIBF may form a dimer since it elutes from a gel filtration column 
with a molecular mass of 250 kD, However, a molecular mass of 250 kD 
would suggests a heteromultimer for ssA-TIBF. 
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DBF is a phosphoprotein and treatment with phosphotase reduces 
its ability to activate transcription in vitro and alters its cellular 
distribution (79). I have speculated that the formation of multiple 
shifted bands corresponding to ssA-TIBF-DNA complexes in gel 
mobility shift assays with crude cellular extracts may be due to 
degradation products or modifications of ssA-TIBF (see Paper 1). One 
possibility is that ssA-TIBF is a phosphoprotein, therefore it would be 
interesting to test the phosphorylation state of ssA-TIBF. 
UBF contains four domains, HMG boxes, with homology to high 
mobility group proteins 1 and 2 (HMG1 and HMG2) (60). UBF2 differs 
from UBF1 by a 37 amino acid deletion in the HMG box 2. A truncated 
version of UBF2, lacking N-terminal sequences, is deficient in UPE 
binding and dimerization while truncated UBF1 is not. This suggests 
that the HMG box 2 may be involved in these functions (79). 
HMGs are abundant nonhistone chromosomal proteins found in many 
eukaryotics (77). HMGs are also generally small (~20 kD) nonspecific 
DNA-binding proteins. HMG1 and 2 belong to a subset of HMGs and are 
thought to be involved in dynamic changes in chromatin structure 
during the cell cycle. A Tetrahymena protein, HMG B, also shows 
homology with HMG1 and 2 and is associated with both the 
macronucleus and the micronucleus (103). HMG B mRNA is specifically 
induced early in conjugation. During this period the micronucleus 
undergoes a series of changes requiring DNA replication, recombination, 
repair, and transcription. One possible conclusion is that HMG B is 
involved in the chromatin structural changes necessary for a broad 
1 1 6  
range of micronuclear and macronuclear processes, including DNA 
replication and transcription. 
In addition to UBF, other proteins that contain HMG boxes, 
conserved DNA binding elements with sequence similarity to HMG 1 and 
2, have been identified (77). Some of these factors with HMG boxes are 
sequence-specific transcription factors. This suggests that HMG boxes 
may be a common DNA-binding motif. 
Model: Roles of ssA-TIBF, ssT-TIBF, and ds-TIBF in rDNA 
replication 
Sequences that have been shown to be involved in rDNA replication, 
the Type I repeats, are distributed throughout an ~600 bp region in the 
5' NTS (67). This structure collaborates with a proposed model 
suggesting a modular control in eukaryotic DNA replication in which 
several, simple, repetitive DNA elements are responsible for origin 
function when they are appropriately arrayed (7, 41). These modular 
elements include DNA unwinding elements, pyrimidine tracts, scaffold-
associated regions, transcription factor binding sites, ARS-like 
sequences, and alternative DNA structures, such as bent DNA. Several of 
these DNA elements have been found within the 5' NTS of the rDNA 
molecule (D. Larson, unpublished data). Thus, it is possible that the 
control of rDNA replication involves these modular element. 
ssT-TlBF is a nonspecific single-stranded DNA-binding that binds 
to T-rich sequences in general. As noted previously ssT-TIBF resembles 
RP-A, a nonspecific, single-stranded DNA binding protein which has a 
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preference for pyrimidine-rich sequences (62). RP-A is essential for 
SV40 DNA replication in vitro. Thus the role of ssT-TIBF in DNA 
replication may be similar to that of RP-A, stabilizing unwound DNA 
and stimulating the DNA replication machinery through protein-protein 
interactions. 
ds-TIBF binds to duplexed Type I repeat in in vitro assays with 
modest specificity but with high affinity; ds-TIBF prefers to interact 
with AT-rich sequences. These results do not address ds-TIBFs binding 
specificity in vivo. Nor do these results exclude the possibility that ds-
TIBF may play a physiological role in vivo. Since ds-TIBF recognizes 
only duplexed DNA sequences, this suggests that ds-TIBF may play a 
negative regulatory role in rDNA replication. For DNA replication to 
proceed, single-stranded sequences must be available. The binding of 
ds-TIBF to the Type I repeat may inhibit the unwinding event normally 
induced by the 5' NTS modular elements, thus regulating rDNA 
replication by the availability of the single-stranded initiation 
template. In this eventuality rDNA replication would require that ds-
TIBF be displaced prior to the unwinding process. A negatively 
regulatory role of ds-TIBF would suggest that ds-TIBF may be under 
cell cycle control. Such a scenario would require that ds-TIBF 
inhibition of rDNA replication be inactive during cellular S phase. 
ssA-TIBF is a single-stranded DNA-binding protein that 
specifically interacts with the A-rich strand of the Type I repeat. The 
function of ssA-TIBF in rDNA replication may involve the specific 
recognition of unwound sequences within the 5' NTS. The sequence 
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specific recognition of Type I sequences by ssA-TIBF may be important 
for directing the replication machinery to the 5' NTS near the center of 
the rDNA palindrome, possibly enabling the rapid replication of the 
entire molecule from a single origin. ssA-TIBF may then function to 
recruit the replication machinery to the origin region. The role of ssA-
TIBF may also involve direct stimulation of DNA replication through 
protein-protein contacts with the replication machinery. The 
preference of ssA-TIBF for C3 vs B rDNA sequences in gel mobility 
shift assays mimics the replication ability of these rDNAs in vivo. 
These results corroborates with a positive regulatory role of ssA-TIBF 
in rDNA replication. 
ssA-TIBF also interacts with the Type I repeat that is an essential 
element of the promoter in vitro (75). This suggests that ssA-TIBF may 
also be an RNA polymerase I transcription factor capable of stimulating 
rDNA transcription as well as replication. Experiments that may 
elucidate the exact role of ssA-TIBF are described in the following 
section. 
Future direction 
Further experiments are necessary to more fully understand the 
significance of the differential recognition of C3 versus B Domain 2 
Type I repeats by ssA-TIBF. One way to accomplish this is to compare 
the DNase I footprinting patterns that result when the two different 
Type I repeat plus 3' flanking sequences are used as binding substrates. 
It will also be important to compare the promoter element Type I 
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repeat with the upstream Type I repeat sequences in the context of 
their 3' flanking sequences. Hydroxyl radical footprinting can more 
precisely map protein-DNA contact sites due to the smaller size of the 
reagent. Therefore, hydroxyl radical footprinting can be used in addition 
to DNase I footprinting to develop a more detailed understanding of the 
specific nucleotides contacted by ssA-TlBF. 
Other experiments are necessary to determine the functional role 
of ssA-TIBF in rDNA replication. This characterization will be 
facilitated by cloning ssA-TIBF. A partial amino acid sequence of ssA-
TIBF can be obtained from purified ssA-TIBF and used to screen a 
Tetrahymena thermophila cDNA library (provided by Dr. Tohru 
Takemasa). Comparison of the cloned sequence of ssA-TIBF with other 
proteins in the database may reveal a homology that could suggest a 
functional role for ssA-TlBF. It would be interesting to look for HMG 
boxes in the amino acid sequence of ssA-TIBF due to the potential 
relationship of ssA-TlBF to DBF. 
Another approach to ascertain the function of ssA-TIBF in rDNA 
replication would be to test the role of ssA-TIBF in an in vitro DNA 
replication system. Antibodies raised against purified ssA-TIBF could 
be used to inhibit ssA-TlBF in Tetrahymena cellular extracts used in an 
in vitro DNA replication system. This may determine whether ssA-TIBF 
is essential for rDNA replication in vitro. Eventually, an in vitro system 
of DNA replication can be used to determine other factors involved in 
rDNA replication and to study the protein-protein interactions that are 
necessary for rDNA replication. 
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Similarly, it would be interesting to test the role of ssA-TIBF in 
an in vitro transcription system; to determine the functional 
significance of the binding of ssA-TIBF to the Type I repeat that is an 
essential promoter element in vitro (75). 
Once the function of ssA-TIBF has been determined in vitro, it 
would be necessary to correlate these results with in vivo studies. 
Depending on the copy number of the gene for ssA-TIBF in the 
macronucleus, It may be possible to transform XheTetrahymena 
macronucleus with a mutant ssA-TIBF gene by homologous 
recombination. This will be technically difficult, requiring the 
microinjection of the gene into the developing aniagen, the 
macronuclear precursor formed after mating. The pRD4-1 vector, 
previously used to transform Tetrahymena with the telomerase RNA 
gene (117), can be used in these studies. pRD4-1 carries cis-acting 
replication control elements and a paromomycin resistant marker in a 
complete copy of the rDNA. Other transformation vectors that may also 
be used are being constructed in Drena Larson's and Eric Henderson's 
labs. 
Finally, depending on the turnover rate of the ssA-TIBF protein in 
the macronucleus, anti-sense DNA could be microinjected into the 
macronucleus. Another approach would be to transform the 
macronucleus with an inverted copy of the ssA-TIBF gene in an attempt 
to constitutively generate antisense RNA. If ssA-TIBF is essential, the 
microinjection of anti-sense RNA should lead to a decreased growth 
rate and perhaps cell death. These experiments in addition to the 
experiments listed above should 
Tetrahymena thermophila rDNA 
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illucidate the role of ssA-TIBF 
replication. 
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APPENDIX: ds-TIBF MAY CONTAIN AN RNA COMPONENT 
Preliminary results suggest that ds-TIBF is associated with an 
RNA which enhances the affinity of ds-TIBF for Type I repeat. Partially 
purified ds-TIBF has optimum binding to the Type I repeat in 400 mM 
NaCI as opposed to 1M in crude extracts (data not shown). This 
suggested that something present in crude extracts stabilizes the DNA-
protein complex. To identify the components of ds-TIBF, extracts were 
treated with proteases and nucleases and tested for their ability to 
form the ds-TIBF-DNA complex by gel mobility shift assays. ds-TIBF is 
sensitive to two different proteases, Proteinase K and Pronase (data 
not shown). Extracts treated with these proteases could not form the 
shifted DNA-protein complex. Thus ds-TIBF has a protein component. 
These experiments also demonstrated that ds-TIBF is sensitive to 
nuclease treatment. In gel shift assays, crude cellular extracts treated 
with micrococcal nuclease, an enzyme which cleaves both DNA and RNA, 
resulted in a reduction of ds-TIBF binding ability (Fig. 1). However, 
DNAse I did not affect the binding (data not shown). Treatment with 
RNase A, an enzyme which cleaves RNA, produced an aberrant shifting 
pattern (Fig. 1). In this case, two new bands were formed in addition to 
the band normally produced by untreated extracts. Taken together, 
these results suggest that ds-TIBF could contain an RNA component. 
Cleavage of this RNA may result in a reduction in binding or a 
comformational change in ds-TIBF which alters the mobility of the ds-
TIBF-DNA complex in gel shift assays. 
FIG. 1. Nuclease treatments affect the binding of ds-TIBF to 
the Type I repeat. 
Gel mobility shift analysis of ds-TIBF binding after treating crude 
cellular extracts with nucleases. Input indicates the 32p,labeled 
oligonucleotide in the absence of extract. The no nuclease lane depicts 
the shifted band without nuclease treatment. MNase, ds-TIBF-DNA 
complexes formed in extracts treated with .15 and 1.5 units 
micrococcal nuclease; RNase A, ds-TIBF-DNA complexes formed in 
extracts treated with .1 and 1 jig/m I ribonuclease A. 
Methods: 50 }il aliquots of crude Tetrahymena cellular extracts 
were treated for 15 min at room temperature with various amounts of 
nucleases. Micrococcal nuclease (MNase) treated extracts were 
incubates with a total of .15 or 1.5 Units MNase plus 5 mM CaCl2. 
Ribonuclease A (RNase A) treated extracts were incubated with a final 
concentration of .1 or 1 )j.g/ml RNase A. 5 p.! (4 p,g protein) of each 
reaction was incubated with 1 ng ds Type I33 in gel mobility shift 
reactions (see paper 1, Materials and Methods) for 15 min on ice. The 
MNase reactions were stopped with EGTA, a Ca++ ion chelator, prior to 
being incubated with the input oligonucleotide. The reaction mixture 
was then electrophoresed on a 10% polyacrylamide gel. 
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It is possible that an RNA may facilitate ds-TIBF binding to the 
Type I repeat by forming an RNA-DNA complex with the Type I repeat. 
RNase H is an enzyme which cleaves the RNA in an RNA-DNA duplex. 
Treatment of the ds-TIBF-Type I repeat complex formed in partially 
purified extracts with RNase H resulted in a reduced shift (Fig. 2). 
Regardless of the amount of RNase H added, the shifted complex was 
never completely destroyed (Fig. 2, data not shown). This suggests that 
a specific copurifying RNA stabilizes interactions between ds-TIBF and 
the Type I repeat, but is not strictly required for binding. 
There are many possible roles for an RNA associated with ds-TIBF. 
As suggested previously, the RNA component may simply stabilize the 
association of ds-TIBF with the Type I repeat. Sensitivity to RNase H 
suggests that the RNA forms a complex with the Type I repeat. This 
could occur by either forming a duplex with the unwound DNA template 
or by forming a triplex. The former is unlike since ds-TIBF specifically 
binds the duplexed form of the Type I repeat. Also, the reduced shift in 
extracts pretreated with nucleases suggests that ds-TIBF associates 
with the RNA prior to binding the Type I repeat. Therefore, it is unlikely 
that ds-TIBF is recognizing an RNA-DNA hybrid. This suggests that the 
RNA may be stabilizing ds-TIBF binding by forming a triplex with the 
DNA template. This possibility can be addressed by testing the ability 
of purified ds-TIBF, lacking the RNA component, to bind to a Type 1 
repeat triplex. 
Ribonucleoproteins (RNPs) are involved in may cellular functions 
involving nucleic acids metabolism, such as telomere elongation (45), 
FIG. 2. The ds-T!BF-Type I repeat complex is sensitive to 
RNase H. 
Gel mobility shift analysis of ds-TIBF after treating the ds-TIBF-
Type I repeat complex with RNase H. - and + denote untreated and 
treated samples, respectively. Lanes 1 and 2, no RNase H; lane 3, 2 
units RNase H; lane 4, 4 units RNase H. 
Methods: The ds-TIBF-Type I repeat complex was allowed to form 
in gel mobility shift reaction mixtures containing 5 [il of a ds-TIBF 
phosphocellulose fraction and 1 ng ds Type 133 for 15 min on ice (see 
paper 1, Materials and Methods). 2 or 4 units RNase H was then added 
and the mixture was incubated for another 15 min at room temperature. 
Controls without RNase H were also incubated an additional 15 min at 
room temperature. The reaction mixture was then electrophoresed on a 
5% polyacrylamide gel. 
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tRNA (1) and mRNA (66) processing, and mitochondrial DNA synthesis 
(25). For example, the template sequence for telomere elongation is an 
intrinsic RNA component of the telomerase enzyme (46, 117). 
Ribonuclease P is an RNP required for the endonucleolytic cleavage of 
precursor tRNAs to form the 5' tRNA termini (1). Finally, RNPs are also 
involved mRNA splicing (66). RNPs may also be involved in the 
regulation of transcription. A factor with the properties of a 
ribonucleoprotein associates with a potential transcriptional 
regulatory element of the c-myc gene (28). 
Mitochondrial DNA replicates by a displacement loop process in 
which replication initiates on one strand, the heavy-strand, proceeds 
through 2/3 of the genomic sequence before replication begins on the 
light-strand template. A single-stranded initiation site is required for 
light-strand replication to begin. The primer for the initiation of 
mitochondrial heavy-strand DNA synthesis is generated by the cleavage 
of RNA transcripts at a few specific sites. A site specific 
endoribonuclease was isolated in both mouse and human mitochondria 
which may be involved in the primer formation. This factor is a 
ribonucleoprotein, RNase MRP (for mitochondrial RNA processing) and 
the RNA component is essential (23, 25). A yeast RNase MRP homolog 
cleaves precisely at the only RNA to DNA transition site in the yeast 
mtDNA replication origin (95). However, the role of RNase MRP in 
mitochondria DNA replication is not yet resolved. It is important to 
note that, during mitochondrial RNase MRP purification, less that 1% of 
RNase MRP activity (61) and RNase MRP RNA (22) is present in 
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mitochondrial fractions and that most of the RNA component is found in 
the nucleolus ({63, 97) and references therein). Also, RNAs isolated 
from two plant species that are analogous to the RNA component of 
mammalian RNase MRP are enriched in the nucleoli (63). This suggests 
that RNase MRP may also function in the nucleoli, perhaps in ribosomal 
RNA processing. 
In addition to RNPs, free RNAs that associate with protein 
complexes may also be involved in nucleic acid metabolism. For 
example, in humans, the ribosomal 5.8S RNA is associated with the DNA 
primase involved in the initiation of mitochondrial light-strand DNA 
replication (110). Finally, the silkworm Bombyx mor/TFIIIR is an RNA 
polymerase III transcription factor composed of RNA that is required 
for in vitro transcription (114). Three other transcription factors are 
also required for RNA polymerase III in vitro transcription. Thus, one 
possible role of TFIIIR could be to stabilize the pre-initiation 
transcription complex. 
